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CHAPTER OVERVIEW 



Since Alexander Fleming accidentally discovered peni- 
cillin in 1929, the numbers of antibiotics that have been 
added to our therapeutic armamentarium has grown 
tremendously. Along with immunizing biologicals, antibi- 
otics have turned the tide in terms of the treatment of infec- 
tious disease. They are truly medical miracles. Yet, because 
of the overuse of many of these agents and the biochemical 
fickleness of many bacteria, resistance to antibiotics has 
become a serious problem in the 21st century. Indeed, there 
are now organisms that cannot be arrested or killed by any 
of the common antibiotics. Clearly, new approaches are 
needed. This chapter will present each of the antibiotics as 
chemical classes, such as tetracyclines, aminoglycosides, 
macrolides, and /8-lactam antibiotics. In each class, it is 
important to note the different ranges of bacteria that each 
will treat. Notably, it is difficult to define an absolute range 
for any antibiotic. Populations of bacteria differ in their 
characteristics among regions and hospitals in those region. 
So, sometimes, an antibiotic is listed as effective against a 
particular bacterial strain, but the concentration needed to 
kill the organism is too high. The bottom line is that when 
describing efficacy of an antibiotic against a particular or- 
ganism, it is necessary to look at clinical results. This chap- 
ter will describe ranges of activity in a general sense. The 
history of the antibiotics is an interesting one and is well 
worth considering. Hence, the chapter will begin with a 
brief historical overview. 



O HISTORICAL BACKGROUND 

Sir Alexander Fleming's accidental discovery of the anti- 
bacterial properties of penicillin in 1929 1 is largely cred- 
ited with initiating the modern antibiotic era. Not until 
1938, however, when Florey and Chain introduced peni- 
cillin into therapy, did practical medical exploitation of 
this important discovery begin to be realized. Centuries 
earlier, humans had learned to use crude preparations em- 
pirically for the topical treatment of infections, which we 
now assume to be effective because of the antibiotic sub- 
stances present. As early as 500 to 600 bc, molded curd of 
soybean was used in Chinese folk medicine to treat boils 
and carbuncles. Moldy cheese had also been used for cen- 
turies by Chinese and Ukrainian peasants to treat infected 
wounds. The discovery by Pasteur and loubert in 1877 
that anthrax bacilli were killed when grown in culture in 



the presence of certain bacteria, along with similar obser- 
vations by other microbiologists, led Vuillemin 2 to define 
antibiosis (literally "against life") as the biological con- 
cept of survival of the fittest, in which one organism de- 
stroys another to preserve itself. The word antibiotic was 
derived from this root. The use of the term by the lay pub- 
lic, as well as the medical and scientific communities, has 
become so widespread that its original meaning has be- 
come obscured. 

In 1942, Waksman 3 proposed the widely cited definition 
that "an antibiotic or antibiotic substance is a substance 
produced by microorganisms, which has the capacity of in- 
hibiting the growth and even of destroying other microor- 
ganisms." Later proposals 4-6 have sought both to expand 
and to restrict the definition to include any substance pro- 
duced by a living organism that is capable of inhibiting the 
growth or survival of one or more species of microorgan- 
isms in low concentrations. The advances made by medici- 
nal chemists to modify naturally occurring antibiotics and 
to prepare synthetic analogs necessitated the inclusion of 
semisynthetic and synthetic derivatives in the definition. 
Therefore, a substance is classified as an antibiotic if the 
following conditions are met: 

1. It is a product of metabolism (although it may be dupli- 
cated or even have been anticipated by chemical synthesis). 

2. It is a synthetic product produced as a structural analog of 
a naturally occurring antibiotic. 

3. It antagonizes the growth or survival of one or more 
species of microorganisms. 

4. It is effective in low concentrations. 

The isolation of the antibacterial antibiotic tyrocidin 
from the soil bacterium Bacillus brevis by Dubois sug- 
gested the probable existence of many antibiotic substances 
in nature and provided the impetus for the search for them. 
An organized search of the order Actinomycetales led 
Waksman and associates to isolate streptomycin from 
Streptomyces griseus. The discovery that this antibiotic pos- 
sessed in vivo activity against Mycobacterium tuberculosis 
in addition to numerous species of Gram-negative bacilli 
was electrifying. It was now evident that soil microorgan- 
isms would provide a rich source of antibiotics. Broad 
screening programs were instituted to find antibiotics that 
might be effective in the treatment of infections hitherto 
resistant to existing chemotherapeutic agents, as well as to 
provide safer and more effective chemotherapy. The discov- 
eries of broad-spectrum antibacterial antibiotics such as 
chloramphenicol and the tetracyclines, antifungal antibiotics 
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such as nystatin and griseofulvin (see Chapter 6), and the 
ever-increasing number of antibiotics that may be used to 
treat infectious agents that have developed resistance to 
some of the older antibiotics, attest to the spectacular 
success of this approach as it has been applied in research 
programs throughout the world. 
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antibiotics are active against cancers that may be viral in 
origin, the future development of more antibiotics and the 
increase in the amounts produced seem to be assured. 



O COMMERCIAL PRODUCTION 

The commercial production of antibiotics for medicinal 
use follows a general pattern, differing in detail for each 
antibiotic. The general scheme may be divided into six 
steps: (a) preparation of a pure culture of the desired or- 
ganism for use in inoculation of the fermentation medium; 

(b) fermentation, during which the antibiotic is formed; 

(c) isolation of the antibiotic from the culture medium; 

(d) purification; (e) assays for potency, sterility, absence of 
pyrogens, and other necessary data; and (f) formulation 
into acceptable and stable dosage forms. 



O SPECTRUM OF ACTIVITY 

The ability of some antibiotics, such as chloramphenicol and 
the tetracyclines, to antagonize the growth of numerous 
pathogens has resulted in their designation as broad- 
spectrum antibiotics. Designations of spectrum of activity 
are of somewhat limited use to the physician, unless they are 
based on clinical effectiveness of the antibiotic against 
specific microorganisms. Many of the broad-spectrum 
antibiotics are active only in relatively high concentrations 
against some of the species of microorganisms often 
included in the "spectrum." 



O MECHANISMS OF ACTION 

The manner in which antibiotics exert their actions against 
susceptible organisms varies. The mechanisms of action of 
some of the more common antibiotics are summarized in 
Table 8.1. In many instances, the mechanism of action is not 
fully known; for a few (e.g., penicillins), the site of action is 
known, but precise details of the mechanism are still under 
investigation. The biochemical processes of microorganisms 
are a lively subject for research, for an understanding of 
those mechanisms that are peculiar to the metabolic systems 
of infectious organisms is the basis for the future develop- 
ment of modern chemotherapeutic agents. Antibiotics that 
interfere with the metabolic systems found in microorgan- 
isms and not in mammalian cells are the most successful 
anti-infective agents. For example, antibiotics that interfere 
with the synthesis of bacterial cell walls have a high poten- 
tial for selective toxicity. Some antibiotics structurally re- 
semble some essential metabolites of microorganisms, which 
suggests that competitive antagonism may be the mechanism 
by which they exert their effects. Thus, cycloserine is be- 
lieved to be an antimetabolite for D-alanine, a constituent of 
bacterial cell walls. Many antibiotics selectively interfere 
with microbial protein synthesis (e.g., the aminoglycosides, 
tetracyclines, macrolides, chloramphenicol, and lincomycin) 
or nucleic acid synthesis (e.g., rifampin). Others, such as the 
polymyxins and the polyenes, are believed to interfere with 
the integrity and function of microbial cell membranes. The 
mechanism of action of an antibiotic determines, in general, 
whether the agent exerts a bactericidal or a bacteriostatic 



O CURRENT STATUS 

Commercial and scientific interest in the antibiotic field 
has led to the isolation and identification of antibiotic sub- 
stances that may be numbered in the thousands. Numerous 
semisynthetic and synthetic derivatives have been added to 
the total. Very few such compounds have found applica- 
tion in general medical practice, however, because in addi- 
tion to the ability to combat infections or neoplastic disease, 
an antibiotic must possess other attributes. First, it must 
exhibit sufficient selective toxicity to be decisively effec- 
tive against pathogenic microorganisms or neoplastic tissue, 
on the one hand, without causing significant toxic effects, 
on the other. Second, an antibiotic should be chemically sta- 
ble enough to be isolated, processed, and stored for a rea- 
sonable length of time without deterioration of potency. 
The amenability of an antibiotic for oral or parenteral ad- 
ministration to be converted into suitable dosage forms to 
provide active drug in vivo is also important. Third, the 
rates of biotransformation and elimination of the antibiotic 
should be slow enough to allow a convenient dosing sched- 
ule, yet rapid and complete enough to facilitate removal of 
the drug and its metabolites from the body soon after admin- 
istration has been discontinued. Some groups of antibiotics, 
because of certain unique properties, have been designated 
for specialized uses, such as the treatment of tuberculosis 
(TB) or fungal infections. Others are used for cancer 
chemotherapy. These antibiotics are described along with 
other drugs of the same therapeutic class: antifungal and an- 
titubercular antibiotics are discussed in Chapter 6, and anti- 
neoplastic antibiotics are discussed in Chapter 10. 

The spectacular success of antibiotics in the treatment of 
human diseases has prompted the expansion of their use into 
several related fields. Extensive use of their antimicrobial 
power is made in veterinary medicine. The discovery that 
low-level administration of antibiotics to meat-producing 
animals resulted in faster growth, lower mortality, and bet- 
ter quality has led to the use of these products as feed sup- 
plements. Several antibiotics are used to control bacterial 
and fungal diseases of plants. Their use in food preservation 
is being studied carefully. Indeed, such uses of antibiotics 
have necessitated careful studies of their long-term effects 
on humans and their effects on various commercial 
processes. For example, foods that contain low-level 
amounts of antibiotics may be able to produce allergic reac- 
tions in hypersensitive persons, or the presence of antibi- 
otics in milk may interfere with the manufacture of cheese. 

The success of antibiotics in therapy and related fields 
has made them one of the most important products of the 
drug industry today. The quantity of antibiotics produced in 
the United States each year may now be measured in sev- 
eral millions of pounds and valued at billions of dollars. 
With research activity stimulated to find new substances to 
treat viral infections that now are combated with only lim- 
ited success and with the promising discovery that some 
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TABLE 8.1 Mechanisms of Antibiotic Action 



Site of Action 


Antibiotic 


Process Interrupted 


Type of Activity 


Cell wall 


Bacitracin 


Mucopeptide synthesis 


Bactericidal 




Cephalosporin 


Cell wall cross-linking 


Bactericidal 




Cycloserine 


Synthesis of cell wall peptides 


Bactericidal 




Penicillins 


Cell wall cross-linking 


Bactericidal 




Vancomycin 


Mucopeptide synthesis 


Bactericidal 


Cell membrane 


Amphotericin B 


Membrane function 


Fungicidal 




Nystatin 


Membrane function 


Fungicidal 




Polymyxins 


Membrane integrity 


Bactericidal 


Ribosomes 


Chloramphenicol 


Protein synthesis 


Bacteriostatic 


50S subunit 


Erythromycin 


Protein synthesis 


Bacteriostatic 




Lincomycins 


Protein synthesis 


Bacteriostatic 


30S subunit 


Aminoglycosides 


Protein synthesis and fidelity 


Bactericidal 




Tetracyclines 


Protein synthesis 


Bacteriostatic 


Nucleic acids 


Actinomycin 


DNA and mRNA synthesis 


Pancidal 




Griseofulvin 


Cell division, microtubule assembly 


Fungistatic 


DNA and/or RNA 


Mitomycin C 


DNA synthesis 


Pancidal 




Rifampin 


mRNA synthesis 


Bactericidal 



action. The distinction may be important for the treatment of 
serious, life-threatening infections, particularly if the natural 
defense mechanisms of the host are either deficient or over- 
whelmed by the infection. In such situations, a bactericidal 
agent is obviously indicated. Much work remains to be done 
in this area, and as mechanisms of action are revealed, the 
development of improved structural analogs of effective an- 
tibiotics probably will continue to increase. 



O CHEMICAL CLASSIFICATION 

The chemistry of antibiotics is so varied that a chemical 
classification is of limited value. Some similarities can be 
found, however, indicating that some antibiotics may be the 
products of similar mechanisms in different organisms and 
that these structurally similar products may exert their activ- 
ities in a similar manner. For example, several important an- 
tibiotics have in common a macrolide structure (i.e., a large 
lactone ring). This group includes erythromycin and olean- 
domycin. The tetracycline family comprises a group of com- 
pounds very closely related chemically. Several compounds 
contain closely related amino sugar moieties, such as those 
found in streptomycins, kanamycins, neomycins, paro- 
momycins, and gentamicins. The antifungal antibiotics nys- 
tatin and the amphotericins (see Chapter 6) are examples of 
a group of conjugated polyene compounds. The bacitracins, 
tyrothricin, and polymyxin are among a large group of 
polypeptides that exhibit antibiotic action. The penicillins 
and cephalosporins are /3-lactam ring-containing antibiotics 
derived from amino acids. 



O MICROBIAL RESISTANCE 

The normal biological processes of microbial pathogens are 
varied and complex. Thus, it seems reasonable to assume that 
there are many ways in which they may be inhibited and that 
different microorganisms that elaborate antibiotics antago- 
nistic to a common "foe" produce compounds that are chem- 
ically dissimilar and that act on different processes. In fact, 
nature has produced many chemically different antibiotics 



that can attack the same microorganism by different path- 
ways. The diversity of antibiotic structure has proved to be of 
real clinical value. As the pathogenic cell develops drug re- 
sistance, another antibiotic, attacking another metabolic 
process of the resisting cell, remains effective. The develop- 
ment of new and different antibiotics has been very impor- 
tant in providing the means for treating resistant strains of or- 
ganisms that previously had been susceptible to an older 
antibiotic. More recently, the elucidation of biochemical 
mechanisms of microbial resistance to antibiotics, such as 
the inactivation of penicillins and cephalosporins by /3- 
lactamase-producing bacteria, has stimulated research in the 
development of semisynthetic analogs that resist microbial 
biotransformation. The evolution of nosocomial (hospital- 
acquired) strains of staphylococci resistant to penicillin and 
of Gram-negative bacilli (e.g., Pseudomonas and Klebsiella 
spp., Escherichia coli, and others) often resistant to several 
antibiotics has become a serious medical problem. No doubt, 
the promiscuous and improper use of antibiotics has con- 
tributed to the emergence of resistant bacterial strains. The 
successful control of diseases caused by resistant strains of 
bacteria will require not only the development of new and 
improved antibiotics but also the rational use of available 
agents. 



QjS-LACTAM ANTIBIOTICS 

Antibiotics that possess the /3-lactam (a four-membered 
cyclic amide) ring structure are the dominant class of agents 
currently used for the chemotherapy of bacterial infections. 
The first antibiotic to be used in therapy, penicillin (penicillin 
G or benzylpenicillin), and a close biosynthetic relative, phe- 
noxymethyl penicillin (penicillin V), remain the agents of 
choice for the treatment of infections caused by most species 
of Gram-positive bacteria. The discovery of a second major 
group of /3-lactam antibiotics, the cephalosporins, and chem- 
ical modifications of naturally occurring penicillins and 
cephalosporins have provided semisynthetic derivatives that 
are variously effective against bacterial species known to be 
resistant to penicillin, in particular, penicillinase-producing 
staphylococci and Gram-negative bacilli. Thus, apart from a 
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few strains that have either inherent or acquired resistance, 
almost all bacterial species are sensitive to one or more of the 
available /3-lactam antibiotics. 

Mechanism of Action 

In addition to a broad spectrum of antibacterial action, two 
properties contribute to the unequaled importance of fi- 
lactam antibiotics in chemotherapy: a potent and rapid bacte- 
ricidal action against bacteria in the growth phase and a very 
low frequency of toxic and other adverse reactions in the 
host. The uniquely lethal antibacterial action of these agents 
has been attributed to a selective inhibition of bacterial cell 
wall synthesis. 7 Specifically, the basic mechanism involved 
is inhibition of the biosynthesis of the dipeptidoglycan that 
provides strength and rigidity to the cell wall. Penicillins and 
cephalosporins acylate a specific bacterial D-transpeptidase, 8 
thereby rendering it inactive for its role in forming peptide 
cross-links of two linear peptidoglycan strands by transpep- 
tidation and loss of D-alanine. Bacterial D-alanine car- 
boxypeptidases are also inhibited by /3-lactam antibiotics. 

Binding studies with tritiated benzylpenicillin have 
shown that the mechanisms of action of various /3-lactam 
antibiotics are much more complex than previously as- 
sumed. Studies in E. coli have revealed as many as seven 
different functional proteins, each with an important role in 
cell wall biosynthesis. 9 These penicillin-binding proteins 
(PBPs) have the following functional properties: 

• PBPs l a and l b are transpeptidases involved in peptidogly- 
can synthesis associated with cell elongation. Inhibition 
results in spheroplast formation and rapid cell lysis, 9 ' 10 
caused by autolysins (bacterial enzymes that create nicks 
in the cell wall for attachment of new peptidoglycan units 
or for separation of daughter cells during cell division 10 ). 

• PBP 2 is a transpeptidase involved in maintaining the rod 
shape of bacilli." Inhibition results in ovoid or round 
forms that undergo delayed lysis. 

• PBP 3 is a transpeptidase required for septum formation 
during cell division. 12 Inhibition results in the formation of 
filamentous forms containing rod-shaped units that cannot 
separate. It is not yet clear whether inhibition of PBP 3 is 
lethal to the bacterium. 

• PBPs 4 through 6 are carboxypeptidases responsible for 
the hydrolysis of D-alanine-D-alanine terminal peptide 
bonds of the cross-linking peptides. Inhibition of these en- 
zymes is apparently not lethal to the bacterium, 13 even 
though cleavage of the terminal D-alanine bond is required 
before peptide cross-linkage. 

The various jSTactam antibiotics differ in their affinities 
for PBPs. Penicillin G binds preferentially to PBP 3, whereas 
the first-generation cephalosporins bind with higher affinity 
to PBP l a . In contrast to other penicillins and to 
cephalosporins, which can bind to PBPs 1, 2, and 3, 
amdinocillin binds only to PBP 2. 



Othe penicillins 

Commercial Production and Unitage 

Until 1944, it was assumed that the active principle in peni- 
cillin was a single substance and that variation in activity 
of different products was because of the amount of inert 
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materials in the samples. Now we know that during the 
biological elaboration of the antibiotic, several closely re- 
lated compounds may be produced. These compounds differ 
chemically in the acid moiety of the amide side chain. 
Variations in this moiety produce differences in antibiotic 
effect and in physicochemical properties, including stability. 
Thus, one can speak of penicillins as a group of compounds 
and identify each penicillin specifically. As each of the dif- 
ferent penicillins was first isolated, letter designations were 
used in the United States; the British used Roman numerals. 

Over 30 penicillins have been isolated from fermentation 
mixtures. Some of these occur naturally; others have been 
biosynthesized by altering the culture medium to provide 
certain precursors that may be incorporated as acyl groups. 
Commercial production of biosynthetic penicillins today de- 
pends chiefly on various strains of Penicillium notatum and 
Penicillium chrysogenum. In recent years, many more peni- 
cillins have been prepared semisynthetically and, undoubt- 
edly, many more will be added to the list in attempts to find 
superior products. 

Because the penicillin first used in chemotherapy was not 
a pure compound and exhibited varying activity among 
samples, it was necessary to evaluate it by microbiological 
assay. The procedure for assay was developed at Oxford, 
England, and the value became known as the Oxford unit: 
1 Oxford unit is defined as the smallest amount of penicillin 
that will inhibit, in vitro, the growth of a strain of 
Staphylococcus in 50 mL of culture medium under specified 
conditions. Now that pure crystalline penicillin is available, 
the United States Pharmacopoeia (USP) defines unit as the 
antibiotic activity of 0.6 /jLg of penicillin G sodium reference 
standard. The weight-unit relationship of the penicillins 
varies with the acyl substituent and with the salt formed of 
the free acid: 1 mg of penicillin G sodium is equivalent to 
1,667 units, 1 mg of penicillin G procaine is equivalent to 
1,009 units, and 1 mg of penicillin G potassium is equiva- 
lent to 1,530 units. 

The commercial production of penicillin has increased 
markedly since its introduction. As production increased, 
the cost dropped correspondingly. When penicillin was first 
available, 100,000 units sold for $20. Currently, the same 
quantity costs less than a penny. Fluctuations in the produc- 
tion of penicillins through the years have reflected changes 
in the relative popularity of broad-spectrum antibiotics and 
penicillins, the development of penicillin-resistant strains of 
several pathogens, the more recent introduction of semisyn- 
thetic penicillins, the use of penicillins in animal feeds and 
for veterinary purposes, and the increase in marketing prob- 
lems in a highly competitive sales area. 

Table 8.2 shows the general structure of the penicillins 
and relates the structure of the more familiar ones to their 
various designations. 

nomenclature 

The nomenclature of penicillins is somewhat complex and 
very cumbersome. Two numbering systems for the fused bi- 
cyclic heterocyclic system exist. The Chemical Abstracts 
system initiates the numbering with the sulfur atom and as- 
signs the ring nitrogen the 4-position. Thus, penicillins are 
named as 4-thia-l-azabicyclo[3.2.0]heptanes, according to 
this system. The numbering system adopted by the USP is 
the reverse of the Chemical Abstracts procedure, assigning 



Dr. Murtadha Alshareifi e-Library 
262 Wilson and Gisvold's Textbook of Organic Medicinal and Pharmaceutical Chemistry 
TABLE 8.2 Structure of Penicillins 



R— C— NH— CH- 

|6 

co- 



-CH 4 C(CH 3 ) 2 

|5 3| 

— N CHCOOH 



Generic 

Name Chemical Name R Group 



Generic 

Name Chemical Name 



R Group 



Penicillin G Benzylpenicillin / ^ ^ 

Penicillin V Phenoxymethylpenicillin ^ ^ q 

Methicillin 2,6-Dimethoxyphenyl- nru 
penicillin 



Nafcillin 2-Ethoxy-1-naphthyl- A \ 
penicillin ' v 



Oxacillin 5-Methyl-3-phenyl-4- A \ 
isoxazolylpenicillin ' 




0 CH 3 



Cloxacillin 5-Methyl-3-(2- 

chlorophenyl)-4- 
isoxazolylpenicillin 



Dicloxacillin 5-Methyl-3-(2,6- 

dichlorophenyl)-4- 
isoxazolyl penicillin 



Ampicillin D-a-Aminobenzyl- 
penicillin 




CI 



/ V 



0 CH 3 




CI 



Cl\ 



0 CH 3 



Or 

NH 2 



Amoxicillin D-a-Amino-p- 

hydroxybenzylpenicillin 



HO 



CH- 

NH 2 



Cyclacillin 1-Aminocyclohexyl- 
penicillin 

Carbenicillin a-Carboxybenzyl- 
penicillin 



Ticarcillin a-Carboxy-3-thienyl- 
penicillin 



Piperacillin a-(4-Ethyl-2,3-dioxo-1- 
piperazinylcarbonyl- 
amino)benzylpenicillin 



NH 2 
C0 2 H 



CH— 
I 

C0 2 H 



Or 

NH 

I 



Mezlocillin a-(1-Methanesulfonyl-2- 
oxoimidazolidino- 
carbonylamino)benzyl- 
penicillin 



C=0 

I 

CH2CH3 

Or- 

NH 

I 

C=0 

I 



I 

S0 2 CH 3 



number 1 to the nitrogen atom and number 4 to the sulfur 
atom. Three simplified forms of penicillin nomenclature 
have been adopted for general use. The first uses the name 
"penam" for the unsubstituted bicyclic system, including the 
amide carbonyl group, with one of the foregoing numbering 
systems as just described. Thus, penicillins generally are 
designated according to the Chemical Abstracts system as 5- 
acylamino-2,2-dimethylpenam-3-carboxylic acids. The sec- 
ond, seen more frequently in the medical literature, uses the 
name "penicillanic acid" to describe the ring system with 
substituents that are generally present (i.e., 2,2-dimethyl and 
3-carboxyl). A third form, followed in this chapter, uses triv- 
ial nomenclature to name the entire 6-carbonylaminopenicil- 
lanic acid portion of the molecule penicillin and then 



distinguishes compounds on the basis of the R group of the 
acyl portion of the molecule. Thus, penicillin G is named 
benzylpenicillin, penicillin V is phenoxymethylpenicillin, 
methicillin is 2,6-dimethoxyphenylpenicillin, and so on. For 
the most part, the latter two systems serve well for naming 
and comparing closely similar penicillin structures, but they 
are too restrictive to be applied to compounds with unusual 
substituents or to ring-modified derivatives. 

Stereochemistry 

The penicillin molecule contains three chiral carbon atoms 
(C-3, C-5, and C-6). All naturally occurring and microbiolog- 
ically active synthetic and semisynthetic penicillins have the 
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same absolute configuration about these three centers. The 
carbon atom bearing the acylamino group (C-6) has the L con- 
figuration, whereas the carbon to which the carboxyl group is 
attached has the D configuration. Thus, the acylamino and 
carboxyl groups are trans to each other, with the former in the 
a and the latter in the (3 orientation relative to the penam ring 
system. The atoms composing the 6-aminopenicillanic acid 
(6-APA) portion of the structure are derived biosynfheti- 
cally from two amino acids, L-cysteine (S-l, C-5, C-6, C-7, 
and 6-amino) and L- valine (2,2-dimethyl, C-2, C-3, N-4, and 
3-carboxyl). The absolute stereochemistry of the penicillins is 
designated 3S:5R:6R, as shown below. 

Synthesis 

Examination of the structure of the penicillin molecule 
shows that it contains a fused ring system of unusual design, 
the /3-lactam thiazolidine structure. The nature of the /3- 
lactam ring delayed elucidation of the structure of penicillin, 
but its determination resulted from a collaborative research 
program involving groups in Great Britain and the United 
States during the years 1943 to 1945. 14 Attempts to synthe- 
size these compounds resulted, at best, in only trace 
amounts until Sheehan and Henery-Logan 15 adapted tech- 
niques developed in peptide synthesis to the synthesis of 
penicillin V. This procedure is not likely to replace the es- 
tablished fermentation processes because the last step in the 



reaction series develops only 10% to 12% penicillin. It is of 
advantage in research because it provides a means of obtain- 
ing many new amide chains hitherto not possible to achieve 
by biosynthetic procedures. 

Two other developments have provided additional means 
for making new penicillins. A group of British scientists, 
Batchelor et al. 16 reported the isolation of 6-APA from a 
culture of P. chrysogenum. This compound can be con- 
verted to penicillins by acylation of the 6-amino group. 
Sheehan and Ferris 17 provided another route to synthetic 
penicillins by converting a natural penicillin, such as peni- 
cillin G potassium, to an intermediate (Fig. 8.1), from which 
the acyl side chain has been cleaved and which then can be 
treated to form biologically active penicillins with various 
new side chains. By these procedures, new penicillins, supe- 
rior in activity and stability to those formerly in wide use, 
were found, and no doubt others will be produced. The first 
commercial products of these research activities were 
phenoxyethylpenicillin (phenethicillin) (Fig. 8.2) and 
dimefhoxyphenylpenicillin (methicillin). 

Chemical Degradation 

The early commercial penicillin was a yellow-to-brown 
amorphous powder that was so unstable that refrigeration was 
required to maintain a reasonable level of activity for a short 
time. Improved purification procedures provided the white 
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Figure 8.1 • Conversion of natural penicillin to synthetic penicillin. 




t-Butyl 

a-phthaliminomalonaldehyde 



O 
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HN 
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HO 
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2. Pyridine 



H H 




O 



HN 

OH 



HO 



/=o 



CI 



NH, 
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HO 
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C 6 H 5 OCH 2 COCI 
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crystalline material in use today. Crystalline penicillin must 
be protected from moisture, but when kept dry, the salts will 
remain stable for years without refrigeration. Many penicillins 
have an unpleasant taste, which must be overcome in the for- 
mation of pediatric dosage forms. All of the natural penicillins 
are strongly dextrorotatory. The solubility and other physico- 
chemical properties of the penicillins are affected by the na- 
ture of the acyl side chain and by the cations used to make 
salts of the acid. Most penicillins are acids with pK a values in 
the range of 2.5 to 3.0, but some are amphoteric. The free 
acids are not suitable for oral or parenteral administration. The 
sodium and potassium salts of most penicillins, however, are 
soluble in water and readily absorbed orally or parenterally. 
Salts of penicillins with organic bases, such as benzathine, 
procaine, and hydrabamine, have limited water solubility and 
are, therefore, useful as depot forms to provide effective blood 
levels over a long period in the treatment of chronic infec- 
tions. Some of the crystalline salts of the penicillins are hygro- 
scopic and must be stored in sealed containers. 

The main cause of deterioration of penicillin is the reac- 
tivity of the strained lactam ring, particularly to hydrolysis. 
The course of the hydrolysis and the nature of the degrada- 
tion products are influenced by the pH of the solution. 18 ' 19 
Thus, the /3-lactam carbonyl group of penicillin readily 
undergoes nucleophilic attack by water or (especially) hy- 
droxide ion to form the inactive penicilloic acid, which is 
reasonably stable in neutral to alkaline solutions but readily 
undergoes decarboxylation and further hydrolytic reactions 
in acidic solutions. Other nucleophiles, such as hydroxyl- 
amines, alkylamines, and alcohols, open the /3-lactam ring 
to form the corresponding hydroxamic acids, amides, and 
esters. It has been speculated 20 that one of the causes of 
penicillin allergy may be the formation of antigenic penicil- 
loyl proteins in vivo by the reaction of nucleophilic groups 
(e.g., s-amino) on specific body proteins with the /3-lactam 
carbonyl group. In strongly acidic solutions (pH <3), 
penicillin undergoes a complex series of reactions leading to 
various inactive degradation products (Fig. 8.3). 19 The first 
step appears to involve rearrangement to the penicillanic 
acid. This process is initiated by protonation of the /3-lactam 
nitrogen, followed by nucleophilic attack of the acyl oxygen 
atom on the /3-lactam carbonyl carbon. The subsequent 
opening of the /3-lactam ring destabilizes the thiazoline ring, 
which then also suffers acid-catalyzed ring opening to form 
the penicillanic acid. The latter is very unstable and experi- 
ences two major degradation pathways. The most easily un- 
derstood path involves hydrolysis of the oxazolone ring to 
form the unstable penamaldic acid. Because it is an enam- 
ine, penamaldic acid easily hydrolyzes to penicillamine 
(a major degradation product) and penaldic acid. The second 
path involves a complex rearrangement of penicillanic acid 
to a penillic acid through a series of intramolecular 
processes that remain to be elucidated completely. Penillic 
acid (an imidazoline-2-carboxylic acid) readily decarboxyl- 
ates and suffers hydrolytic ring opening under acidic condi- 
tions to form a second major end product of acid-catalyzed 
penicillin degradation — penilloic acid. Penicilloic acid, the 
major product formed under weakly acidic to alkaline (as 
well as enzymatic) hydrolytic conditions, cannot be detected 
as an intermediate under strongly acidic conditions. It exists 
in equilibrium with penamaldic acid, however, and under- 
goes decarboxylation in acid to form penilloic acid. The 
third major product of the degradation is penicilloaldehyde, 
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formed by decarboxylation of penaldic acid (a derivative of 
malonaldehyde). 

By controlling the pH of aqueous solutions within a range 
of 6.0 to 6.8 and refrigerating the solutions, aqueous prepara- 
tions of the soluble penicillins may be stored for up to several 
weeks. The relationship of these properties to the pharmaceu- 
tics of penicillins has been reviewed by Schwartz and 
Buckwalter. 21 Some buffer systems, particularly phosphates 
and citrates, exert a favorable effect on penicillin stability, in- 
dependent of the pH effect. Finholt et al. 22 showed that these 
buffers may catalyze penicillin degradation, however, if the 
pH is adjusted to obtain the requisite ions. Hydroalcoholic so- 
lutions of penicillin G potassium are about as unstable as 
aqueous solutions. 23 Because penicillins are inactivated by 
metal ions such as zinc and copper, it has been suggested that 
the phosphates and the citrates combine with these metals to 
prevent their existence as free ions in solution. 

Oxidizing agents also inactivate penicillins, but reducing 
agents have little effect on them. Temperature affects the 
rate of deterioration; although the dry salts are stable at room 
temperature and do not require refrigeration, prolonged heat- 
ing inactivates the penicillins. 

Acid-catalyzed degradation in the stomach contributes 
strongly to the poor oral absorption of penicillin. Thus, efforts 
to obtain penicillins with improved pharmacokinetic and mi- 
crobiological properties have focused on acyl functionalities 
that would minimize sensitivity of the /3-lactam ring to acid 
hydrolysis while maintaining antibacterial activity. 

Substitution of an electron-withdrawing group in the a 
position of benzylpenicillin markedly stabilizes the penicillin 
to acid-catalyzed hydrolysis. Thus, phenoxymethylpenicillin, 
a-aminobenzylpenicillin, and a-halobenzylpenicillin are 
significantly more stable than benzylpenicillin in acid 
solutions. The increased stability imparted by such electron- 
withdrawing groups has been attributed to decreased 
reactivity (nucleophilicity) of the side chain amide carbonyl 
oxygen atom toward participation in jS-lactam ring opening to 
form penicillenic acid. Obviously, a-aminobenzylpenicillin 
(ampicillin) exists as the protonated form in acidic (as well as 
neutral) solutions, and the ammonium group is known to be 
powerfully electron-withdrawing. 

Bacterial Resistance 

Some bacteria, in particular most species of Gram-negative 
bacilli, are naturally resistant to the action of penicillins. 
Other normally sensitive species can develop penicillin resis- 
tance (either through natural selection of resistant individuals 
or through mutation). The best understood and, probably, the 
most important biochemical mechanism of penicillin resis- 
tance is the bacterial elaboration of enzymes that inactivate 
penicillins. Such enzymes, which have been given the non- 
specific name penicillinases, are of two general types: /3- 
lactamases and acylases. By far, the more important of these 
are the /3Tactamases, enzymes that catalyze the hydrolytic 
opening of the /3-lactam ring of penicillins to produce inac- 
tive penicilloic acids. Synthesis of bacterial /3-lactamases 
may be under chromosomal or plasmid R factor control and 
may be either constitutive or inducible (stimulated by the 
presence of the substrate), depending on the bacterial species. 
The well-known resistance among strains of Staphylococcus 
aureus is apparently entirely because of the production of an 
inducible /3-lactamase. Resistance among Gram-negative 
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bacilli, however, may result from other poorly characterized 
"resistance factors" or constitutive /3-lactamase elaboration. 
/3-Lactamases produced by Gram-negative bacilli appear to 
be cytoplasmic enzymes that remain in the bacterial cell, 
whereas those elaborated by S. aureus are synthesized in the 
cell wall and released extracellularly. /3-Lactamases from dif- 
ferent bacterial species may be classified 24 " 26 by their struc- 
ture, their substrate and inhibitor specificities, their physical 
properties (e.g., pH optimum, isoelectric point, molecular 
weight), and their immunological properties. 

Specific acylases (enzymes that can hydrolyze the acyl- 
amino side chain of penicillins) have been obtained from 
several species of Gram-negative bacteria, but their possi- 



ble role in bacterial resistance has not been well defined. 
These enzymes find some commercial use in the prepara- 
tion of 6-APA for the preparation of semisynthetic peni- 
cillins. 6-APA is less active and hydrolyzed more rapidly 
(enzymatically and nonenzymatically) than penicillin. 

Another important resistance mechanism, especially in 
Gram-negative bacteria, is decreased permeability to peni- 
cillins. The cell envelope in most Gram-negative bacteria is 
more complex than in Gram-positive bacteria. It contains an 
outer membrane (linked by lipoprotein bridges to the pepti- 
doglycan cell wall) not present in Gram-positive bacteria, 
which creates a physical barrier to the penetration of 
antibiotics, especially those that are hydrophobic. 27 Small 
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hydrophilic molecules, however, can traverse the outer 
membrane through pores formed by proteins called porins. 2S 
Alteration of the number or nature of porins in the cell enve- 
lope 28 also could be an important mechanism of antibiotic 
resistance. Bacterial resistance can result from changes in 
the affinity of PBPs for penicillins. 29 Altered PBP binding 
has been demonstrated in non-jS-lactamase-producing 
strains of penicillin-resistant Neisseria gonorrhoeae 30 and 
methicillin-resistant S. aureus (MRSA). 31 

Certain strains of bacteria are resistant to the lytic prop- 
erties of penicillins but remain susceptible to their growth- 
inhibiting effects. Thus, the action of the antibiotic has been 
converted from bactericidal to bacteriostatic. This mecha- 
nism of resistance is termed tolerance and apparently results 
from impaired autolysin activity in the bacterium. 

Penicillinase-Resistant Penicillins 

The availability of 6-APA on a commercial scale made pos- 
sible the synthesis of numerous semisynthetic penicillins 
modified at the acylamino side chain. Much of the early 
work done in the 1960s was directed toward the preparation 
of derivatives that would resist destruction by ^-lactamases, 
particularly those produced by penicillin-resistant strains of 
S. aureus, which constituted a very serious health problem at 
that time. In general, increasing the steric hindrance at the a- 
carbon of the acyl group increased resistance to staphylococ- 
cal /3-lactamase, with maximal resistance being observed 
with quaternary substitution. 32 More fruitful from the stand- 
point of antibacterial potency, however, was the observation 
that the a-acyl carbon could be part of an aromatic (e.g., 
phenyl or naphthyl) or heteroaromatic (e.g., 4-isoxazoyl) 
system. 33 Substitutions at the ortho positions of a phenyl 
ring (e.g., 2,6-dimethoxy [methicillin]) or the 2-position of a 
1-naphthyl system (e.g., 2-ethoxyl [nafcillin]) increase 
the steric hindrance of the acyl group and confer more /3- 
lactamase resistance than shown by the unsubstituted com- 
pounds or those substituted at positions more distant from 
the a-carbon. Bulkier substituents are required to confer 
effective /3-lactamase resistance among five-membered-ring 
heterocyclic derivatives. 34 Thus, members of the 4-isoxa- 
zoyl penicillin family (e.g., oxacillin, cloxacillin, and di- 
cloxacillin) require both the 3-aryl and 5-methyl (3-methyl 
and 5-aryl) substituents for effectiveness against ji- 
lactamase-producing S. aureus. 

Increasing the bulkiness of the acyl group is not without 
its price, however, because all of the clinically available 
penicillinase-resistant penicillins are significantly less ac- 
tive than either penicillin G or penicillin V against most 
non-/3-lactamase-producing bacteria normally sensitive 
to the penicillins. The /3-lactamase-resistant penicillins tend 
to be comparatively lipophilic molecules that do not pene- 
trate well into Gram-negative bacteria. The isoxazoyl peni- 
cillins, particularly those with an electronegative substituent 
in the 3-phenyl group (cloxacillin, dicloxacillin, and 
floxacillin), are also resistant to acid-catalyzed hydrolysis of 
the /3-lactam, for the reasons described previously. Steric 
factors that confer /3-lactamase resistance, however, do not 
necessarily also confer stability to acid. Accordingly, methi- 
cillin, which has electron-donating groups (by resonance) 
ortho to the carbonyl carbon, is even more labile to acid-cat- 
alyzed hydrolysis than is penicillin G because of the more 
rapid formation of the penicillenic acid derivative. 
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Extended-Spectrum Penicillins 

Another highly significant advance arising from the prepara- 
tion of semisynthetic penicillins was the discovery that the in- 
troduction of an ionized or polar group into the a-position of 
the side chain benzyl carbon atom of penicillin G confers ac- 
tivity against Gram-negative bacilli. Hence, derivatives with 
an ionized a-amino group, such as ampicillin and amoxicillin, 
are generally effective against such Gram-negative genera as 
Escherichia, Klebsiella, Haemophilus, Salmonella, Shigella, 
and non-indole-producing Proteus. Furthermore, activity 
against penicillin G-sensitive, Gram-positive species is 
largely retained. The introduction of an a-amino group in 
ampicillin (or amoxicillin) creates an additional chiral center. 
Extension of the antibacterial spectrum brought about by the 
substituent applies only to the D-isomer, which is 2 to 8 times 
more active than either the L-isomer or benzylpenicillin 
(which are equiactive) against various species of the afore- 
mentioned genera of Gram-negative bacilli. 

The basis for the expanded spectrum of activity associated 
with the ampicillin group is not related to /3-lactamase inhi- 
bition, as ampicillin and amoxicillin are even more labile 
than penicillin G to the action of /3-lactamases elaborated by 
both S. aureus and various species of Gram-negative bacilli, 
including strains among the ampicillin- sensitive group. 
Hydrophilic penicillins, such as ampicillin, penetrate Gram- 
negative bacteria more readily than penicillin G, penicillin V, 
or methicillin. This selective penetration is believed to take 
place through the porin channels of the cell membrane. 35 

a-Hydroxy substitution also yields "expanded-spectrum" 
penicillins with activity and stereoselectivity similar to that 
of the ampicillin group. The a-hydroxybenzylpenicillins 
are, however, about 2 to 5 times less active than their corre- 
sponding a-aminobenzyl counterparts and, unlike the latter, 
not very stable under acidic conditions. 

Incorporation of an acidic substituent at the a-benzyl car- 
bon atom of penicillin G also imparts clinical effectiveness 
against Gram-negative bacilli and, furthermore, extends the 
spectrum of activity to include organisms resistant to ampi- 
cillin. Thus, a-carboxybenzylpenicillin (carbenicillin) is ac- 
tive against ampicillin-sensitive, Gram-negative species and 
additional Gram-negative bacilli of the genera Pseudomonas, 
Klebsiella, Enterobacter, indole-producing Proteus, Serratia, 
and Providencia. The potency of carbenicillin against most 
species of penicillin G-sensitive, Gram-positive bacteria is 
several orders of magnitude lower than that of either peni- 
cillin G or ampicillin, presumably because of poorer penetra- 
tion of a more highly ionized molecule into these bacteria. 
(Note that a-aminobenzylpenicillins exist as zwitterions over 
a broad pH range and, as such, are considerably less polar 
than carbenicillin.) This increased polarity is apparently an 
advantage for the penetration of carbenicillin through the cell 
envelope of Gram-negative bacteria via porin channels. 35 

Carbenicillin is active against both /3-lactamase- 
producing and non-/3-lactamase-producing strains of Gram- 
negative bacteria. It is somewhat resistant to a few of the 
^-lactamases produced by Gram-negative bacteria, especially 
members of the Enterobacteriaceae family. 36 Resistance to 
/3-lactamases elaborated by Gram-negative bacteria, there- 
fore, may be an important component of carbenicillin' s activ- 
ity against some ampicillin-resistant organisms. jS-Lactamases 
produced by Pseudomonas spp., however, readily hydrolyze 
carbenicillin. Although carbenicillin is also somewhat 
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resistant to staphylococcal /3-lactamase, it is considerably less 
so than methicillin or the isoxazoyl penicillins, and its 
inherent antistaphylococcal activity is less impressive than 
that of the penicillinase-resistant penicillins. The penicilli- 
nase-resistant penicillins, despite their resistance to most 
/3-lactamases, however, share the lack of activity of penicillin 
G against Gram-negative bacilli, primarily because of an in- 
ability to penetrate the bacterial cell envelope. 

Compared with the aminoglycoside antibiotics, the potency 
of carbenicillin against such Gram-negative bacilli as 
Pseudomonas aeruginosa, Proteus vulgaris, and Klebsiella 
pneumoniae is much less impressive. Large parenteral doses 
are required to achieve bactericidal concentrations in plasma 
and tissues. The low toxicity of carbenicillin (and the peni- 
cillins in general), however, usually permits (in the absence of 
allergy) the use of such high doses without untoward effects. 
Furthermore, carbenicillin (and other penicillins), when com- 
bined with aminoglycosides, exerts a synergistic bactericidal 
action against bacterial species sensitive to both agents, fre- 
quently allowing the use of a lower dose of the more toxic 
aminoglycoside than is normally required for treatment of a 
life-threatening infection. The chemical incompatibility of 
penicillins and aminoglycosides requires that the two antibi- 
otics be administered separately; otherwise, both are inacti- 
vated. Iyengar et al. 37 showed that acylation of amino groups 
in the aminoglycoside by the /3-lactam of the penicillin occurs. 

Unlike the situation with ampicillin, the introduction of 
asymmetry at the a-benzyl carbon in carbenicillin imparts 
little or no stereoselectivity of antibacterial action; the indi- 
vidual enantiomers are nearly equally active and readily 
epimerized to the racemate in aqueous solution. Because it is 
a derivative of phenylmalonic acid, carbenicillin readily 
decarboxylates to benzylpenicillin in the presence of acid; 
therefore, it is not active (as carbenicillin) orally and must be 
administered parenterally. Esterification of the a-carboxyl 
group (e.g., as the 5-indanyl ester) partially protects the com- 
pound from acid-catalyzed destruction and provides an orally 
active derivative that is hydrolyzed to carbenicillin in the 
plasma. The plasma levels of free carbenicillin achieved with 
oral administration of such esters, however, may not suffice 
for effective treatment of serious infections caused by some 
species of Gram-negative bacilli, such as P. aeruginosa. 

A series of a-acylureido-substituted penicillins, exem- 
plified by azlocillin, mezlocillin, and piperacillin, exhibit 
greater activity against certain Gram-negative bacilli than 
carbenicillin. Although the acylureidopenicillins are acyl- 
ated derivatives of ampicillin, the antibacterial spectrum of 
activity of the group is more like that of carbenicillin. The 
acylureidopenicillins are, however, superior to carbenicillin 
against Klebsiella spp., Enterobacter spp., and P. aerugi- 
nosa. This enhanced activity is apparently not because of /3- 
lactamase resistance, in that both inducible and plasmid- 
mediated /^-lactamases hydrolyze these penicillins. More 
facile penetration through the cell envelope of these partic- 
ular bacterial species is the most likely explanation for the 
greater potency. The acylureidopenicillins, unlike ampi- 
cillin, are unstable under acidic conditions; therefore, they 
are not available for oral administration. 

Protein Binding 

The nature of the acylamino side chain also determines the 
extent to which penicillins are plasma protein bound. 



Quantitative structure-activity relationship (QSAR) studies 
of the binding of penicillins to human serum 38 ' 39 indicate 
that hydrophobic groups (positive it dependence) in the side 
chain appear to be largely responsible for increased binding 
to serum proteins. Penicillins with polar or ionized sub- 
stituents in the side chain exhibit low-to-intermediate frac- 
tions of protein binding. Accordingly, ampicillin, amoxi- 
cillin, and cyclacillin experience 25% to 30% protein 
binding, and carbenicillin and ticarcillin show 45% to 55% 
protein binding. Those with nonpolar, lipophilic substituents 
(nafcillin and isoxazoyl penicillins) are more than 90% pro- 
tein bound. The penicillins with less complex acyl groups 
(benzylpenicillin, phenoxymethylpenicillin, and methi- 
cillin) fall in the range of 35% to 80%. Protein binding is 
thought to restrict the tissue availability of drugs if the frac- 
tion bound is sufficiently high; thus, the tissue distribution 
of the penicillins in the highly bound group may be inferior 
to that of other penicillins. The similarity of biological half- 
lives for various penicillins, however, indicates that plasma 
protein binding has little effect on duration of action. All of 
the commercially available penicillins are secreted actively 
by the renal active transport system for anions. The re- 
versible nature of protein binding does not compete effec- 
tively with the active tubular secretion process. 

Allergy to Penicillins 

Allergic reactions to various penicillins, ranging in severity 
from a variety of skin and mucous membrane rashes to drug 
fever and anaphylaxis, constitute the major problem associ- 
ated with the use of this class of antibiotics. Estimates place 
the prevalence of hypersensitivity to penicillin G through- 
out the world between 1% and 10% of the population. In 
the United States and other industrialized countries, it is 
nearer the higher figure, ranking penicillin the most com- 
mon cause of drug-induced allergy. The penicillins that are 
most frequently implicated in allergic reactions are peni- 
cillin G and ampicillin. Virtually all commercially avail- 
able penicillins, however, have been reported to cause such 
reactions; in fact, cross-sensitivity among most chemical 
classes of 6-acylaminopenicillanic acid derivatives has 
been demonstrated. 40 

The chemical mechanisms by which penicillin prepara- 
tions become antigenic have been studied extensively. 20 
Evidence suggests that penicillins or their rearrangement 
products formed in vivo (e.g., penicillenic acids) 41 react 
with lysine £-amino groups of proteins to form penicilloyl 
proteins, which are major antigenic determinants. 42 ' 43 Early 
clinical observations with the biosynthetic penicillins G and 
V indicated a higher incidence of allergic reactions with un- 
purified, amorphous preparations than with highly purified, 
crystalline forms, suggesting that small amounts of highly 
antigenic penicilloyl proteins present in unpurified samples 
were a cause. Polymeric impurities in ampicillin dosage 
forms have been implicated as possible antigenic determi- 
nants and a possible explanation for the high frequency of 
allergic reactions with this particular semisynthetic peni- 
cillin. Ampicillin is known to undergo pH-dependent poly- 
merization reactions (especially in concentrated solutions) 
that involve nucleophilic attack of the side chain amino 
group of one molecule on the /3-lactam carbonyl carbon 
atom of a second molecule, and so on. 44 The high frequency 
of antigenicity shown by ampicillin polymers, together with 
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TABLE 8.3 Classification and Properties of Penicillins 
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their isolation and characterization in some ampicillin 
preparations, supports the theory that they can contribute to 
ampicillin-induced allergy. 45 

Classification 

Various designations have been used to classify penicillins, 
based on their sources, chemistry, pharmacokinetic proper- 
ties, resistance to enzymatic spectrum of activity, and clini- 
cal uses (Table 8.3). Thus, penicillins may be biosynthetic, 
semisynthetic, or (potentially) synthetic; acid-resistant or 
not; orally or (only) parenterally active; and resistant to (3- 
lactamases (penicillinases) or not. They may have a narrow, 
intermediate, broad, or extended spectrum of antibacterial 
activity and may be intended for multipurpose or limited 
clinical use. Designations of the activity spectrum as narrow, 
intermediate, broad, or extended are relative and do not nec- 
essarily imply the breadth of therapeutic application. Indeed, 
the classification of penicillin G as a "narrow-spectrum" an- 
tibiotic has meaning only relative to other penicillins. 
Although the /3-lactamase-resistant penicillins have a spec- 
trum of activity similar to that of penicillin G, they generally 
are reserved for the treatment of infections caused by peni- 
cillin G-resistant, /3-lactamase-producing S. aureus because 
their activity against most penicillin G-sensitive bacteria is 
significantly inferior. Similarly, carbenicillin and ticarcillin 
usually are reserved for the treatment of infections caused by 
ampicillin-resistant, Gram-negative bacilli because they 
offer no advantage (and have some disadvantages) over 
ampicillin or penicillin G in infections sensitive to them. 

Products 

Penicillin G 

For years, the most popular penicillin has been penicillin G, 
or benzylpenicillin. In fact, with the exception of patients al- 
lergic to it, penicillin G remains the agent of choice for the 
treatment of more different kinds of bacterial infection than 
any other antibiotic. It was first made available as the water- 
soluble salts of potassium, sodium, and calcium. These salts 
of penicillin are inactivated by the gastric juice and are not 
effective when administered orally unless antacids, such as 
calcium carbonate, aluminum hydroxide, and magnesium 
trisilicate; or a strong buffer, such as sodium citrate, is 
added. Also, because penicillin is absorbed poorly from the 



intestinal tract, oral doses must be very large, about five 
times the amount necessary with parenteral administration. 
Only after the production of penicillin had increased enough 
to make low-priced penicillin available did the oral dosage 
forms become popular. The water-soluble potassium and 
sodium salts are used orally and parenterally to achieve high 
plasma concentrations of penicillin G rapidly. The more 
water-soluble potassium salt usually is preferred when large 
doses are required. Situations in which hyperkalemia is a 
danger, however, as in renal failure, require use of the 
sodium salt; the potassium salt is preferred for patients on 
salt-free diets or with congestive heart conditions. 




The rapid elimination of penicillin from the bloodstream 
through the kidneys by active tubular secretion and the need 
to maintain an effective concentration in blood have led to the 
development of "repository" forms of this drug. Suspensions 
of penicillin in peanut oil or sesame oil with white beeswax 
added were first used to prolong the duration of injected 
forms of penicillin. This dosage form was replaced by a sus- 
pension in vegetable oil, to which aluminum monostearate 
or aluminum distearate was added. Today, most repository 
forms are suspensions of high-molecular weight amine salts 
of penicillin in a similar base. 

Penicillin G Procaine 

The first widely used amine salt of penicillin G was 
made with procaine. Penicillin G procaine (Crysticillin, 
Duracillin, Wycillin) can be made readily from penicillin G 
sodium by treatment with procaine hydrochloride. This salt 
is considerably less soluble in water than the alkali metal 
salts, requiring about 250 mL to dissolve 1 g. Free penicillin 
is released only as the compound dissolves and dissociates. 
It has an activity of 1,009 units/mg. A large number of 
preparations for injection of penicillin G procaine are com- 
mercially available. Most of these are either suspensions in 
water to which a suitable dispersing or suspending agent, a 
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buffer, and a preservative have been added or suspensions in 
peanut oil or sesame oil that have been gelled by the 
addition of 2% aluminum monostearate. Some commercial 
products are mixtures of penicillin G potassium or sodium 
with penicillin G procaine; the water-soluble salt provides 
rapid development of a high plasma concentration of peni- 
cillin, and the insoluble salt prolongs the duration of effect. 
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Penicillin G Benzathine 

Since penicillin G benzathine, Af/V'-dibenzylefhylenediamine 
dipenicillin G (Bicillin, Permapen), is the salt of a diamine, 
2 moles of penicillin are available from each molecule. It is 
very insoluble in water, requiring about 3,000 mL to dis- 
solve 1 g. This property gives the compound great stability 
and prolonged duration of effect. At the pH of gastric juice, 
it is quite stable, and food intake does not interfere with its 
absorption. It is available in tablet form and in several par- 
enteral preparations. The activity of penicillin G benzathine 
is equivalent to 1,211 units/mg. 
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Several other amines have been used to make penicillin 
salts, and research is continuing on this subject. Other 
amines that have been used include 2-chloroprocaine; L-N- 
methyl- 1 ,2-diphenyl-2-hydroxyethylamine ( L-ephenamine) ; 
dibenzylamine; tripelennamine (Pyribenzamine); and N,N'- 
bis-(dehydroabietyl)ethylenediamine (hydrabamine). 

Penicillin V 

In 1948, Behrens et al. 46 reported penicillin V, phe- 
noxymethylpenicillin (Pen Vee, V-Cillin) as a biosynthetic 
product. It was not until 1953, however, that its clinical 
value was recognized by some European scientists. Since 
then, it has enjoyed wide use because of its resistance to 
hydrolysis by gastric juice and its ability to produce uniform 
concentrations in blood (when administered orally). The 
free acid requires about 1,200 mL of water to dissolve 1 g, 



and it has an activity of 1,695 units/mg. For parenteral 
solutions, the potassium salt is usually used. This salt is very 
soluble in water. Solutions of it are made from the dry salt 
at the time of administration. Oral dosage forms of the 
potassium salt are also available, providing rapid, effective 
plasma concentrations of this penicillin. The salt of phe- 
noxymethylpenicillin with A f ,A r '-bis(dehydroabietyl)ethyl- 
enediamine (hydrabamine, Compocillin-V) provides a very 
long-acting form of this compound. Its high water insolubil- 
ity makes it a desirable compound for aqueous suspensions 
used as liquid oral dosage forms. 



H H 




NH 

O 

O 




HO 



Methicillin Sodium 

During 1960, methicillin sodium, 2,6-dimethoxyphenylpeni- 
cillin sodium (Staphcillin), the second penicillin produced as 
a result of the research that developed synthetic analogs, was 
introduced for medicinal use. 




Reacting 2,6-dimethoxybenzoyl chloride with 6-APA 
forms 6-(2,6-dimefhoxybenzamido)penicillanic acid. The 
sodium salt is a white, crystalline solid that is extremely sol- 
uble in water, forming clear, neutral solutions. As with other 
penicillins, it is very sensitive to moisture, losing about half 
of its activity in 5 days at room temperature. Refrigeration 
at 5°C reduces the loss in activity to about 20% in the same 
period. Solutions prepared for parenteral use may be kept as 
long as 24 hours if refrigerated. It is extremely sensitive to 
acid (a pH of 2 causes 50% loss of activity in 20 minutes); 
thus, it cannot be used orally. 

Methicillin sodium is particularly resistant to inactivation 
by the penicillinase found in staphylococci and somewhat 
more resistant than penicillin G to penicillinase from 
Bacillus cereus. Methicillin and many other penicillinase- 
resistant penicillins induce penicillinase formation, an ob- 
servation that has implications concerning use of these 
agents in the treatment of penicillin G-sensitive infections. 
Clearly, the use of a penicillinase-resistant penicillin should 
not be followed by penicillin G. 

The absence of the benzyl methylene group of penicillin 
G and the steric protection afforded by the 2- and 6-methoxy 
groups make this compound particularly resistant to enzy- 
matic hydrolysis. 

Methicillin sodium has been introduced for use in the 
treatment of staphylococcal infections caused by strains re- 
sistant to other penicillins. It is recommended that it not be 
used in general therapy, to avoid the possible widespread 
development of organisms resistant to it. 
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The incidence of interstitial nephritis, a probable hyper- 
sensitivity reaction, is reportedly higher with methicillin 
than with other penicillins. 

Oxacillin Sodium 

Oxacillin sodium, (5-methyl3-phenyl-4-isoxazolyl)penicillin 
sodium monohydrate (Prostaphlin), is the salt of a semisyn- 
thetic penicillin that is highly resistant to inactivation by 
penicillinase. Apparently, the steric effects of the 3-phenyl 
and 5-methyl groups of the isoxazolyl ring prevent the bind- 
ing of this penicillin to the /3-lactamase active site and, 
thereby, protect the lactam ring from degradation in much 
the same way as has been suggested for methicillin. It is also 
relatively resistant to acid hydrolysis and, therefore, may be 
administered orally with good effect. 




Oxacillin sodium, which is available in capsule form, is 
reasonably well absorbed from the gastrointestinal (GI) 
tract, particularly in fasting patients. Effective plasma levels 
of oxacillin are obtained in about 1 hour, but despite exten- 
sive plasma protein binding, it is excreted rapidly through 
the kidneys. Oxacillin experiences some first-pass metabo- 
lism in the liver to the 5-hydroxymethyl derivative. This 
metabolite has antibacterial activity comparable to that of 
oxacillin but is less avidly protein bound and more rapidly 
excreted. The halogenated analogs cloxacillin, dicloxacillin, 
and floxacillin experience less 5-methyl hydroxylation. 

The use of oxacillin and other isoxazolylpenicillins 
should be restricted to the treatment of infections caused 
by staphylococci resistant to penicillin G. Although their 
spectrum of activity is similar to that of penicillin G, the 
isoxazolylpenicillins are, in general, inferior to it and the 
phenoxymethylpenicillins for the treatment of infections 
caused by penicillin G-sensitive bacteria. Because isoxa- 
zolylpenicillins cause allergic reactions similar to those 
produced by other penicillins, they should be used with 
great caution in patients who are penicillin sensitive. 

Cloxacillin Sodium 

The chlorine atom ortho to the position of attachment of the 
phenyl ring to the isoxazole ring enhances the activity of 
cloxacillin sodium, [3-(o-chlorophenyl)-5-methyl-4-isoxa- 
zolyl] penicillin sodium monohydrate (Tegopen), over that of 
oxacillin, not by increasing its intrinsic antibacterial activity 
but by enhancing its oral absorption, leading to higher plasma 
levels. In almost all other respects, it resembles oxacillin. 




Dicloxacillin Sodium 

The substitution of chlorine atoms on both carbons ortho 
to the position of attachment of the phenyl ring to the isox- 
azole ring is presumed to enhance further the stability of 
the oxacillin congener dicloxacillin sodium, [3-(2,6- 
dichlorophenyl)-5-methyl-4-isoxazolyl]penicillin sodium 
monohydrate (Dynapen, Pathocil, Veracillin) and to 
produce high plasma concentrations of it. Its medicinal 
properties and use are similar to those of cloxacillin 
sodium. Progressive halogen substitution, however, also 
increases the fraction bound to protein in the plasma, po- 
tentially reducing the concentration of free antibiotic in 
plasma and tissues. Its medicinal properties and use are the 
same as those of cloxacillin sodium. 




Nafcillin Sodium 

Nafcillin sodium, 6-(2-ethoxy-l-naphthyl)penicillin sodium 
(Unipen), is another semisynthetic penicillin that resulted 
from the search for penicillinase-resistant compounds. Like 
methicillin, nafcillin has substituents in positions ortho to 
the point of attachment of the aromatic ring to the carbox- 
amide group of penicillin. No doubt, the ethoxy group and 
the second ring of the naphthalene group play steric roles in 
stabilizing nafcillin against penicillinase. Very similar struc- 
tures have been reported to produce similar results in some 
substituted 2-biphenylpenicillins. 33 




Unlike methicillin, nafcillin is stable enough in acid to 
permit its use by oral administration. When it is given 
orally, its absorption is somewhat slow and incomplete, 
but satisfactory plasma levels may be achieved in about 
1 hour. Relatively small amounts are excreted through 
the kidneys; most is excreted in the bile. Even though 
some cyclic reabsorption from the gut may occur, nafcillin 
given orally should be readministered every 4 to 6 hours. 
This salt is readily soluble in water and may be adminis- 
tered intramuscularly or intravenously to obtain high 
plasma concentrations quickly for the treatment of serious 
infections. 

Nafcillin sodium may be used in infections caused 
solely by penicillin G-resistant staphylococci or when 
streptococci are present also. Although it is recommended 
that it be used exclusively for such resistant infections, 
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nafcillin is also effective against pneumococci and group 
A /3-hemolytic streptococci. Because, like other penicillins, 
it may cause allergic side effects, it should be administered 
with care. 

Ampicillin 

Ampicillin, 6-[D-a-aminophenylacetamido]penicillanic acid, 
D-a-aminobenzylpenicillin (Penbritn, Polycillin, Omnipen, 
Amcill, Principen), meets another goal of the research on 
semisynthetic penicillins — an antibacterial spectrum broader 
than that of penicillin G. This product is active against the 
same Gram-positive organisms that are susceptible to other 
penicillins, and it is more active against some Gram-negative 
bacteria and enterococci than are other penicillins. 
Obviously, the a-amino group plays an important role in the 
broader activity, but the mechanism for its action is 
unknown. It has been suggested that the amino group confers 
an ability to cross cell wall barriers that are impenetrable 
to other penicillins. D-(— )- Ampicillin, prepared from D-(— )- 
a-aminophenylacetic acid, is significantly more active than 
L-(+)-ampicillin. 
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Ampicillin is not resistant to penicillinase, and it pro- 
duces the allergic reactions and other untoward effects 
found in penicillin-sensitive patients. Because such reac- 
tions are relatively rare, however, it may be used to treat in- 
fections caused by Gram-negative bacilli for which a 
broad-spectrum antibiotic, such as a tetracycline or chlor- 
amphenicol, may be indicated but not preferred because of 
undesirable reactions or lack of bactericidal effect. 
Ampicillin is not so widely active, however, that it should 
be used as a broad-spectrum antibiotic in the same manner 
as the tetracyclines. It is particularly useful for the treat- 
ment of acute urinary tract infections caused by E. coli or 
Proteus mirabilis and is the agent of choice against 
Haemophilus influenzae infections. Ampicillin, together 
with probenecid, to inhibit its active tubular excretion, has 
become a treatment of choice for gonorrhea in recent years. 
/3-Lactamase-producing strains of Gram-negative bacteria 
that are highly resistant to ampicillin, however, appear to be 
increasing in the world population. The threat from such re- 
sistant strains is particularly great with H. influenzae and 
N. gonorrhoeae , because there are few alternative therapies 
for infections caused by these organisms. Incomplete ab- 
sorption and excretion of effective concentrations in the 
bile may contribute to the effectiveness of ampicillin in the 
treatment of salmonellosis and shigellosis. 

Ampicillin is water soluble and stable in acid. The 
protonated a-amino group of ampicillin has a pK a of 7.3, 
and thus it is protonated extensively in acidic media, which 
explains ampicillin' s stability to acid hydrolysis and insta- 
bility to alkaline hydrolysis. It is administered orally and 
is absorbed from the intestinal tract to produce peak plasma 
concentrations in about 2 hours. Oral doses must be repeated 
about every 6 hours because it is excreted rapidly and 
unchanged through the kidneys. It is available as a white, 



crystalline, anhydrous powder that is sparingly soluble in 
water or as the colorless or slightly buff-colored crystalline 
trihydrate that is soluble in water. Either form may be used 
for oral administration, in capsules or as a suspension. 
Earlier claims of higher plasma levels for the anhydrous 
form than for the trihydrate following oral administration 
have been disputed. 47 ' 48 The white, crystalline sodium salt is 
very soluble in water, and solutions for injections should be 
administered within 1 hour after being made. 

Bacampicillin Hydrochloride 

Bacampicillin hydrochloride (Spectrobid) is the hydrochlo- 
ride salt of the 1-ethoxycarbonyloxy ethyl ester of ampicillin. 
It is a prodrug of ampicillin with no antibacterial activity. 
After oral absorption, bacampicillin is hydrolyzed rapidly by 
esterases in the plasma to form ampicillin. 

Oral absorption of bacampicillin is more rapid and com- 
plete than that of ampicillin and less affected by food. 
Plasma levels of ampicillin from oral bacampicillin exceed 
those of oral ampicillin or amoxicillin for the first 2.5 hours 
but thereafter are the same as for ampicillin and amoxi- 
cillin. 49 Effective plasma levels are sustained for 12 hours, 
allowing twice-a-day dosing. 
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Amoxicillin 

Amoxicillin, 6-[d-(— )-a-amino-/?- hydroxyphenylacetamido] 
penicillanic acid (Amoxil, Larotid, Polymox), a semisyn- 
thetic penicillin introduced in 1974, is simply the p-hydroxy 
analog of ampicillin, prepared by acylation of 6-APA with p- 
hy droxypheny lgly cine . 
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Its antibacterial spectrum is nearly identical with that of 
ampicillin, and like ampicillin, it is resistant to acid, sus- 
ceptible to alkaline and /3-lactamase hydrolysis, and 
weakly protein bound. Early clinical reports indicated that 
orally administered amoxicillin possesses significant 
advantages over ampicillin, including more complete GI 
absorption to give higher plasma and urine levels, less 
diarrhea, and little or no effect of food on absorption. 50 
Thus, amoxicillin has largely replaced ampicillin for the 
treatment of certain systemic and urinary tract infections 
for which oral administration is desirable. Amoxicillin is 
reportedly less effective than ampicillin in the treatment of 
bacillary dysentery, presumably because of its greater GI 
absorption. Considerable evidence suggests that oral ab- 
sorption of cr-aminobenzyl-substituted penicillins (e.g., 
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ampicillin and amoxicillin) and cephalosporins is, at least 
in part, carrier mediated, 51 thus explaining their generally 
superior oral activity. 

Amoxicillin is a fine, white to off-white, crystalline 
powder that is sparingly soluble in water. It is available in 
various oral dosage forms. Aqueous suspensions are stable 
for 1 week at room temperature. 

Carbenicillin Disodium, Sterile 

Carbenicillin disodium, disodium a-carboxybenzylpeni- 
cillin (Geopen, Pyopen), is a semisynthetic penicillin re- 
leased in the United States in 1970, which was introduced in 
England and first reported by Ancred et al. 52 in 1967. 
Examination of its structure shows that it differs from ampi- 
cillin in having an ionizable carboxyl group rather than an 
amino group substituted on the a-carbon atom of the benzyl 
side chain. Carbenicillin has a broad range of antimicrobial 
activity, broader than any other known penicillin, a property 
attributed to the unique carboxyl group. It has been pro- 
posed that the carboxyl group improves penetration of the 
molecule through cell wall barriers of Gram-negative 
bacilli, compared with other penicillins. 
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Carbenicillin is not stable in acids and is inactivated by 
penicillinase. It is a malonic acid derivative and, as such, de- 
carboxylates readily to penicillin G, which is acid labile. 
Solutions of the disodium salt should be freshly prepared but, 
when refrigerated, may be kept for 2 weeks. It must be ad- 
ministered by injection and is usually given intravenously. 

Carbenicillin has been effective in the treatment of sys- 
temic and urinary tract infections caused by P. aeruginosa, 
indole-producing Proteus spp., and Providencia spp., all of 
which are resistant to ampicillin. The low toxicity of carbeni- 
cillin, with the exception of allergic sensitivity, permits the 
use of large dosages in serious infections. Most clinicians 
prefer to use a combination of carbenicillin and gentamicin 
for serious pseudomonal and mixed coliform infections. The 
two antibiotics are chemically incompatible, however, and 
should never be combined in an intravenous solution. 

Carbenicillin Indanyl Sodium 

Efforts to obtain orally active forms of carbenicillin led to the 
eventual release of the 5-indanyl ester carbenicillin indanyl, 
6-[2-phenyl-2-(5-indanyloxycarbonyl)acetamido]penicil- 
lanic acid (Geocillin), in 1972. Approximately 40% of the 
usual oral dose of indanyl carbenicillin is absorbed. After ab- 
sorption, the ester is hydrolyzed rapidly by plasma and tissue 
esterases to yield carbenicillin. Thus, although the highly 
lipophilic and highly protein-bound ester has in vitro activity 
comparable with that of carbenicillin, its activity in vivo is 
due to carbenicillin. Indanyl carbenicillin thus provides an 
orally active alternative for the treatment of carbenicillin- 
sensitive systemic and urinary tract infections caused by 
Pseudomonas spp., indole-positive Proteus spp., and se- 
lected species of Gram-negative bacilli. 
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Clinical trials with indanyl carbenicillin revealed a rela- 
tively high frequency of GI symptoms (nausea, occasional 
vomiting, and diarrhea). It seems doubtful that the high 
doses required for the treatment of serious systemic infec- 
tions could be tolerated by most patients. Indanyl carbeni- 
cillin occurs as the sodium salt, an off-white, bitter powder 
that is freely soluble in water. It is stable in acid. It should be 
protected from moisture to prevent hydrolysis of the ester. 

Ticarcillin Disodium, Sterile 

Ticarcillin disodium, a-carboxy-3-thienylpenicillin (Ticar), 
is an isostere of carbenicillin in which the phenyl group is re- 
placed by a thienyl group. This semisynthetic penicillin 
derivative, like carbenicillin, is unstable in acid and, there- 
fore, must be administered parenterally. It is similar to 
carbenicillin in antibacterial spectrum and pharmacokinetic 
properties. Two advantages for ticarcillin are claimed: 

(a) slightly better pharmacokinetic properties, including 
higher serum levels and a longer duration of action; and 

(b) greater in vitro potency against several species of Gram- 
negative bacilli, most notably P. aeruginosa and Bacteroides 
fragilis. These advantages can be crucial in the treatment of 
serious infections requiring high-dose therapy. 
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Mezlocillin Sodium, Sterile 

Mezlocillin (Mezlin) is an acylureidopenicillin with an an- 
tibacterial spectrum similar to that of carbenicillin and 
ticarcillin; however, there are some major differences. It is 
much more active against most Klebsiella spp., P. aerugi- 
nosa, anaerobic bacteria (e.g., Streptococcus faecalis and 
B. fragilis), and H. influenzae. It is recommended for the 
treatment of serious infections caused by these organisms. 

O 

,NH 



O 



-s- 

O 



Vy 

0 o 




Dr. Murtadha Alshareifi e-Library 



274- Wilson and Gisvold's Textbook of Organic Medicinal and Pharmaceutical Chemistry 



Mezlocillin is not generally effective against B- 
lactamase-producing bacteria, nor is it active orally. It is 
available as a white, crystalline, water-soluble sodium salt 
for injection. Solutions should be prepared freshly and, if 
not used within 24 hours, refrigerated. Mezlocillin and other 
acylureidopenicillins, unlike carbenicillin, exhibit nonlinear 
pharmacokinetics. Peak plasma levels, half-life, and area 
under the time curve increase with increased dosage. 
Mezlocillin has less effect on bleeding time than carbeni- 
cillin, and it is less likely to cause hypokalemia. 

Piperacillin Sodium, Sterile 

Piperacillin (Pipracil) is the most generally useful of the ex- 
tended-spectrum acylureidopenicillins. It is more active than 
mezlocillin against susceptible strains of Gram-negative 
aerobic bacilli, such as Serratia marcescens, Proteus, 
Enterobacter, Citrobacter spp., and P. aeruginosa. 
Mezlocillin, however, appears to be more active against 
Providencia spp. and K. pneumoniae . Piperacillin is also 
active against anaerobic bacteria, especially B. fragilis and 
S. faecalis (enterococcus). /3-Lactamase-producing strains 
of these organisms are, however, resistant to piperacillin, 
which is hydrolyzed by S. aureus /3Tactamase. The B- 
lactamase susceptibility of piperacillin is not absolute be- 
cause /3-lactamase-producing, ampicillin-resistant strains 
of N. gonorrhoeae and H. influenzae are susceptible to 
piperacillin. 
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Piperacillin is destroyed rapidly by stomach acid; there- 
fore, it is active only by intramuscular or intravenous 
administration. The injectable form is provided as the white, 
crystalline, water-soluble sodium salt. Its pharmacokinetic 
properties are very similar to those of the other acylurei- 
dopenicillins. 



O /3-LACTAMASE INHIBITORS 

The strategy of using a /3-lactamase inhibitor in combination 
with a /3-lactamase-sensitive penicillin in the therapy for 
infections caused by /3-lactamase-producing bacterial strains 
has, until relatively recently, failed to live up to its obvious 
promise. Early attempts to obtain synergy against such resist- 
ant strains, by using combinations consisting of a B- 
lactamase-resistant penicillin (e.g., methicillin or oxacillin) 
as a competitive inhibitor and a /3-lactamase- sensitive peni- 
cillin (e.g., ampicillin or carbenicillin) to kill the organisms, 
met with limited success. Factors that may contribute to the 
failure of such combinations to achieve synergy include 
(a) the failure of most lipophilic penicillinase-resistant peni- 
cillins to penetrate the cell envelope of Gram-negative bacilli 
in effective concentrations, (b) the reversible binding of 



penicillinase-resistant penicillins to /3-lactamase, requiring 
high concentrations to prevent substrate binding and hydroly- 
sis, and (c) the induction of /3-lactamases by some penicillin- 
ase-resistant penicillins. 

The discovery of the naturally occurring, mechanism- 
based inhibitor clavulanic acid, which causes potent and 
progressive inactivation of /3-lactamases (Fig. 8.4), has cre- 
ated renewed interest in B -lactam combination therapy. 
This interest has led to the design and synthesis of addi- 
tional mechanism-based /3-lactamase inhibitors, such as 
sulbactam and tazobactam, and the isolation of naturally 
occurring /3-lactams, such as the thienamycins, which both 
inhibit /3-lactamases and interact with PBPs. 

The chemical events leading to the inactivation of B- 
lactamases by mechanism-based inhibitors are very com- 
plex. In a review of the chemistry of /8-lactamase inhibi- 
tion, Knowles 53 has described two classes of /3-lactamase 
inhibitors: class I inhibitors that have a heteroatom leaving 
group at position 1 (e.g., clavulanic acid and sulbactam) 
and class II inhibitors that do not (e.g., the carbapenems). 
Unlike competitive inhibitors, which bind reversibly to the 
enzyme they inhibit, mechanism-based inhibitors react 
with the enzyme in much the same way that the substrate 
does. With the /3-lactamases, an acyl-enzyme intermediate 
is formed by reaction of the /3-lactam with an active-site 
serine hydroxy 1 group of the enzyme. For normal sub- 
strates, the acyl-enzyme intermediate readily undergoes 
hydrolysis, destroying the substrate and freeing the 
enzyme to attack more substrate. The acyl-enzyme inter- 
mediate formed when a mechanism-based inhibitor is at- 
tacked by the enzyme is diverted by tautomerism to a more 
stable imine form that hydrolyzes more slowly to eventu- 
ally free the enzyme (transient inhibition), or for a class I 
inhibitor, a second group on the enzyme may be attacked 
to inactivate it. Because these inhibitors are also substrates 
for the enzymes that they inactivate, they are sometimes 
referred to as "suicide substrates." 

Because class I inhibitors cause prolonged inactivation of 
certain /3-lactamases, they are particularly useful in combina- 
tion with extended-spectrum, /3Tactamase-sensitive peni- 
cillins to treat infections caused by /3-lactamase-producing 
bacteria. Three such inhibitors, clavulanic acid, sulbactam, 
and tazobactam, are currently marketed in the United States 
for this purpose. A class II inhibitor, the carbapenem deriva- 
tive imipenem, has potent antibacterial activity in addition to 
its ability to cause transient inhibition of some /3-lactamases. 
Certain antibacterial cephalosporins with a leaving group at 
the C-3 position can cause transient inhibition of B- 
lactamases by forming stabilized acyl-enzyme intermediates. 
These are discussed more fully later in this chapter. 

The relative susceptibilities of various /3-lactamases to 
inactivation by class I inhibitors appear to be related to the 
molecular properties of the enzymes. 25 ' 54,55 /3-Lactamases 
belonging to group A, a large and somewhat heterogenous 
group of serine enzymes, some with narrow (e.g., penicillin- 
ases or cephalosporinases) and some with broad (i.e., gen- 
eral /3-lactamases) specificities, are generally inactivated by 
class I inhibitors. A large group of chromosomally encoded 
serine /3-lactamases belonging to group C with specificity 
for cephalosporins are, however, resistant to inactivation by 
class I inhibitors. A small group of Zn 2 + -requiring metallo- 
/3-lactamases (group B) with broad substrate specificities 56 
are also not inactivated by class I inhibitors. 
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Transient Inhibition 

Figure 8.4 • Mechanism-based inhibition of ^-lactamases. 



Products 

Clavulanate Potassium 

Clavulanic acid is an antibiotic isolated from Streptomyces 
clavuligeris . Structurally, it is a 1-oxopenam lacking the 
6-acylamino side chain of penicillins but possessing a 2- 
hydroxyethylidene moiety at C-2. Clavulanic acid exhibits 
very weak antibacterial activity, comparable with that of 
6-APA and, therefore, is not useful as an antibiotic. It 
is, however, a potent inhibitor of S. aureus /3-lactamase 
and plasmid-mediated /3-lactamases elaborated by Gram- 
negative bacilli. 




Combinations of amoxicillin and the potassium salt 
of clavulanic acid are available (Augmentin) in various 
fixed-dose oral dosage forms intended for the treatment of 
skin, respiratory, ear, and urinary tract infections caused 
by /3-lactamase-producing bacterial strains. These combi- 
nations are effective against /3-lactamase-producing 
strains of S. aureus, E. coli, K. pneumoniae , Enterobacter, 
H. influenzae, Moraxella catarrhalis, and Haemophilus 
ducreyi, which are resistant to amoxicillin alone. The oral 



bioavailability of amoxicillin and potassium clavulanate is 
similar. Clavulanic acid is acid-stable. It cannot undergo peni- 
cillanic acid formation because it lacks an amide side chain. 

Potassium clavulanate and the extended-spectrum peni- 
cillin ticarcillin have been combined in a fixed-dose, in- 
jectable form for the control of serious infections caused by 
/3-lactamase-producing bacterial strains. This combination 
has been recommended for septicemia, lower respiratory tract 
infections, and urinary tract infections caused by /3- 
lactamase-producing Klebsiella spp., E. coli, P. aeruginosa, 
and other Pseudomonas spp., Citrobacter spp., Enterobacter 
spp., S. marcescens, and S. aureus. It also is used in bone and 
joint infections caused by these organisms. The combination 
contains 3 g of ticarcillin disodium and 100 mg of potassium 
clavulanate in a sterile powder for injection (Timentin). 

Sulbactam 

Sulbactam is penicillanic acid sulfone or 1,1-dioxopenicillanic 
acid. This synthetic penicillin derivative is a potent inhibitor 
of S. aureus /3-lactamase as well as many /3-lactamases 
elaborated by Gram-negative bacilli. Sulbactam has weak in- 
trinsic antibacterial activity but potentiates the activity of 
ampicillin and carbenicillin against /3-lactamase-producing 
S. aureus and members of the Enterobacteriaceae family. It 
does not, however, synergize with either carbenicillin or ticar- 
cillin against P. aeruginosa strains resistant to these agents. 
Failure of sulbactam to penetrate the cell envelope is a possi- 
ble explanation for the lack of synergy. 
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Fixed-dose combinations of ampicillin sodium and sul- 
bactam sodium, marketed under the trade name Unasyn as 
sterile powders for injection, have been approved for use in 
the United States. These combinations are recommended for 
the treatment of skin, tissue, intra-abdominal, and gyneco- 
logical infections caused by /3-lactamase-producing strains 
of S. aureus, E. coli, Klebsiella spp., P. mirabilis, B. frag- 
ilis, and Enterobacter and Acinetobacter spp. 

Tazobactam 

Tazobactam is a penicillanic acid sulfone that is similar in 
structure to sulbactam. It is a more potent ^-lactamase 
inhibitor than sulbactam 57 and has a slightly broader spectrum 
of activity than clavulanic acid. It has very weak antibacterial 
activity. Tazobactam is available in fixed-dose, injectable 
combinations with piperacillin, a broad-spectrum penicillin 
consisting of an 8: 1 ratio of piperacillin sodium to tazobactam 
sodium by weight and marketed under the trade name Zosyn. 
The pharmacokinetics of the two drugs are very similar. Both 
have short half-lives (f 1/2 ~1 hour), are minimally protein 
bound, experience very little metabolism, and are excreted in 
active forms in the urine in high concentrations. 




Approved indications for the piperacillin-tazobactam 
combination include the treatment of appendicitis, postpar- 
tum endometritis, and pelvic inflammatory disease caused by 
/3-lactamase-producing E. coli and Bacteroides spp., skin and 
skin structure infections caused by /3-lactamase-producing 
S. aureus, and pneumonia caused by /3-lactamase-producing 
strains of H. influenzae. 

CARBAPENEMS 
Thienamycin 

Thienamycin is a novel /3-lactam antibiotic first isolated and 
identified by researchers at Merck 58 from fermentation of 
cultures of Streptomyces cattleya. Its structure and absolute 
configuration were established both spectroscopically and by 
total synthesis. 59 ' 60 Two structural features of thienamycin 
are shared with the penicillins and cephalosporins: a fused 
bicyclic ring system containing a /3-lactam and an equiva- 
lently attached 3-carboxyl group. In other respects, the thien- 
amycins represent a significant departure from the established 
/3-lactam antibiotics. The bicyclic system consists of a car- 
bapenem containing a double bond between C-2 and C-3 
(i.e., it is a 2-carbapenem, or A 2 -carbapenem, system). The 
double bond in the bicyclic structure creates considerable 
ring strain and increases the reactivity of the /3-lactam to ring- 
opening reactions. The side chain is unique in two respects: 



it is a simple 1 -hydroxy ethyl group instead of the familiar 
acylamino side chain, and it is oriented to the bicyclic ring 
system rather than having the usual j3 orientation of the 
penicillins and cephalosporins. The remaining feature is a 
2-aminoethylthioether function at C-2. The absolute stereo- 
chemistry of thienamycin has been determined to be 
5R:6S:SS. Several additional structurally related antibiotics 
have been isolated from various Streptomyces spp., including 
the four epithienamycins, which are isomeric to thien- 
amycin at C-5, C-6, or C-8, and derivatives in which the 
2-aminoethylthio side chain is modified. 
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Thienamycin displays outstanding broad-spectrum anti- 
bacterial properties in vitro. 61 It is highly active against 
most aerobic and anaerobic Gram-positive and Gram- 
negative bacteria, including S. aureus, P. aeruginosa, and 
B. fragilis. Furthermore, it is resistant to inactivation by 
most /3-lactamases elaborated by Gram-negative and Gram- 
positive bacteria and, therefore, is effective against many 
strains resistant to penicillins and cephalosporins. Resistance 
to lactamases appears to be a function of the a-1- 
hydroxyethyl side chain because this property is lost in the 
6-nor derivative and epithienamycins with S stereochemistry 
show variable resistance to the different /3-lactamases. 

An unfortunate property of thienamycin is its chemical in- 
stability in solution. It is more susceptible to hydrolysis in 
both acidic and alkaline solutions than most ^-lactam antibi- 
otics, because of the strained nature of its fused ring system 
containing an endocyclic double bond. Furthermore, at its 
optimally stable pH between 6 and 7, thienamycin undergoes 
concentration-dependent inactivation. This inactivation is 
believed to result from intermolecular aminolysis of the /3- 
lactam by the cysteamine side chain of a second molecule. 
Another shortcoming is its susceptibility to hydrolytic inac- 
tivation by renal dehydropeptidase-I (DHP-I), 62 which 
causes it to have an unacceptably short half-life in vivo. 

Imipenem-Cilastatin 

Imipenem is A^-formimidoylthienamycin, the most success- 
ful of a series of chemically stable derivatives of thienamycin 
in which the primary amino group is converted to a nonnu- 
cleophilic basic function. 63 Cilastatin is an inhibitor of DHP- 
I. The combination (Primaxin) provides a chemically and en- 
zymatically stable form of thienamycin that has clinically 
useful pharmacokinetic properties. The half-life of the drug 
is nonetheless short (f 1/2 ~1 hour) because of renal tubular 
secretion of imipenem. Imipenem retains the extraordinary 
broad-spectrum antibacterial properties of thienamycin. Its 
bactericidal activity results from the inhibition of cell wall 
synthesis associated with bonding to PBPs l b and 2. 
Imipenem is very stable to most /3-lactamases. It is an in- 
hibitor of /3-lactamases from certain Gram-negative bacteria 
resistant to other /3-lactam antibiotics (e.g., P. aeruginosa, S. 
marcescens, and Enterobacter spp.). 
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Imipenem is indicated for the treatment of a wide variety of 
bacterial infections of the skin and tissues, lower respiratory 
tract, bones and joints, and genitourinary tract, as well as of 
septicemia and endocarditis caused by /3-lactamase-producing 
strains of susceptible bacteria. These include aerobic Gram- 
positive organisms such as S. aureus, Staphylococcus epider- 
midis, enterococci, and viridans streptococci; aerobic Gram- 
negative bacteria such as E. coli, Klebsiella, Serratia, 
Providencia, Haemophilus, Citrobacter, and indole-positive 
Proteus spp., Morganella morganii, Acinetobacter and 
Enterobacter spp., and P. aeruginosa and anaerobes such as B. 
fragilis and Clostridium, Peptococcus, Peptidostreptococcus , 
Eubacterium, and Fusobacterium spp. Some Pseudomonas 
spp. are resistant, such as P. maltophilia and P. cepacia, as are 
some methicillin-resistant staphylococci. Imipenem is effec- 
tive against non-/3-lactamase-producing strains of these and 
additional bacterial species, but other less expensive and 
equally effective antibiotics are preferred for the treatment of 
infections caused by these organisms. 

The imipenem-cilastatin combination is marketed as a 
sterile powder intended for the preparation of solutions for in- 
travenous infusion. Such solutions are stable for 4 hours at 
25 °C and up to 24 hours when refrigerated. The concomitant 
administration of imipenem and an aminoglycoside antibiotic 
results in synergistic antibacterial activity in vivo. The two 
types of antibiotics are, however, chemically incompatible 
and should never be combined in the same intravenous bottle. 

NEWER CARBAPENEMS 

The extended spectrum of antibacterial activity associated 
with the carbapenems together with their resistance to inac- 
tivation by most /3-lactamases make this class of /3-lactams 
an attractive target for drug development. In the design of 
new carbapenems, structural variations are being investi- 
gated with the objective of developing analogs with advan- 
tages over imipenem. Improvements that are particularly 
desired include stability to hydrolysis catalyzed by DHP-1, 62 
stability to bacterial metallo-/3-lactamases ("carbapene- 
mases") 56 that hydrolyze imipenem, activity against 
MRS A, 31 and increased potency against P. aeruginosa, espe- 
cially imipenem-resistant strains. Enhanced pharmacokinetic 
properties, such as oral bioavailability and a longer duration 
of action, have heretofore received little emphasis in car- 
bapenem analog design. 

Early structure-activity studies established the critical im- 
portance of the A 2 position of the double bond, the 3-carboxyl 
group, and the 6-a-hydroxyethyl side chain for both broad- 
spectrum antibacterial activity and /3-lactamase stability in 
carbapenems. Modifications, therefore, have concentrated on 
variations at positions 1 and 2 of the carbapenem nucleus. The 
incorporation of a /3-mefhyl group at the 1 -position gives the 
carbapenem stability to hydrolysis by renal DHP-1. 6465 
Substituents at the 2-position, however, appear to affect 



primarily the spectrum of antibacterial activity of the car- 
bapenem by influencing penetration into bacteria. The capa- 
bility of carbapenems to exist as zwitterionic structures (as 
exemplified by imipenem and biapenem), resulting from the 
combined features of a basic amine function attached to the 
2-position and the 3-carboxyl group, may enable these mole- 
cules to enter bacteria via their charged porin channels. 

Meropenem 

Meropenem is a second-generation carbapenem that, to 
date, has undergone the most extensive clinical evaluation. 66 
It has recently been approved as Merrem for the treatment 
of infections caused by multiply-resistant bacteria and for 
empirical therapy for serious infections, such as bacterial 
meningitis, septicemia, pneumonia, and peritonitis. 
Meropenem exhibits greater potency against Gram-negative 
and anaerobic bacteria than does imipenem, but it is slightly 
less active against most Gram-positive species. It is not ef- 
fective against MRSA. Meropenem is not hydrolyzed by 
DHP-I and is resistant to most /3-lactamases, including a few 
carbapenemases that hydrolyze carbapenem. 




Meropenem 




N — 



Meropenem metabolite 

Like imipenem, meropenem is not active orally. It is pro- 
vided as a sterile lyophilized powder to be made up in 
normal saline or 5% dextrose solution for parenteral admin- 
istration. Approximately 70% to 80% of unchanged 
meropenem is excreted in the urine following intravenous or 
intramuscular administration. The remainder is the inactive 
metabolite formed by hydrolytic cleavage of the (3 -lactam 
ring. The lower incidence of nephrotoxicity of meropenem 
(compared with imipenem) has been correlated with its 
greater stability to DHP-I and the absence of the DHP-I 
inhibitor cilastatin in the preparation. Meropenem appears 
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to be less epileptogenic than imipenem when the two agents 
are used in the treatment of bacterial meningitis. 

Biapenem 

Biapenem is a newer second-generation carbapenem with 
chemical and microbiological properties similar to those of 
meropenem. 67 Thus, it has broad-spectrum antibacterial ac- 
tivity that includes most aerobic Gram-negative and Gram- 
positive bacteria and anaerobes. Biapenem is stable to 
DHP-I 67 and resistant to most ^-lactamases. 68 It is claimed 
to be less susceptible to metallo-/3-lactamases than either 
imipenem or meropenem. It is not active orally. 




Q CEPHALOSPORINS 
Historical Background 

The cephalosporins are /3-lactam antibiotics isolated from 
Cephalosporium spp. or prepared semisynthetically. Most 
of the antibiotics introduced since 1965 have been semisyn- 
thetic cephalosporins. Interest in Cephalosporium fungi 
began in 1945 with Giuseppe Brotzu's discovery that cul- 
tures of C. acremonium inhibited the growth of a wide va- 
riety of Gram-positive and Gram-negative bacteria. 
Abraham and Newton 68 " in Oxford, having been supplied 
cultures of the fungus in 1948, isolated three principal an- 
tibiotic components: cephalosporin PI, a steroid with mini- 
mal antibacterial activity; cephalosporin N, later discovered 
to be identical with synnematin N (a penicillin derivative 
now called penicillin N that had earlier been isolated from 
C. salmosynnematum); and cephalosporin C. 

The structure of penicillin N was discovered to be D-(4- 
amino-4-carboxybutyl)penicillanic acid. The amino acid 
side chain confers more activity against Gram-negative 
bacteria, particularly Salmonella spp., but less activity 
against Gram-positive organisms than penicillin G. It has 
been used successfully in clinical trials for the treatment of 
typhoid fever but was never released as an approved drug. 

Cephalosporin C turned out to be a close congener of 
penicillin N, containing a dihydrothiazine ring instead of the 
thiazolidine ring of the penicillins. Despite the observation 
that cephalosporin C was resistant to S. aureus /3-lactamase, 




O 
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early interest in it was not great because its antibacterial 
potency was inferior to that of penicillin N and other peni- 
cillins. The discovery that the a-aminoadipoyl side chain 
could be removed to efficiently produce 7-aminocephalospo- 
ranic acid (7-ACA), 69 ' 70 however, prompted investigations 
that led to semisynthetic cephalosporins of medicinal value. 
The relationship of 7-ACA and its acyl derivatives to 6-APA 
and the semisynthetic penicillins is obvious. Woodward et 
al. 71 have prepared both cephalosporin C and the clinically 
useful cephalothin by an elegant synthetic procedure, but the 
commercially available drugs are obtained from 7-ACA as 
semisynthetic products. 

Nomenclature 

The chemical nomenclature of the cephalosporins is 
slightly more complex than even that of the penicillins be- 
cause of the presence of a double bond in the dihydroth- 
iazine ring. The fused ring system is designated by 
Chemical Abstracts as 5-thia-l-azabicyclo[4.2.0]oct-2-ene. 
In this system, cephalothin is 3-(acetoxymethyl)-7-[2- 
(thienylacetyl)amino]-8-oxo-5-thia-l-azabicyclo[4.2.0]oct- 
2-ene-2-carboxylic acid. A simplification that retains some 
of the systematic nature of the Chemical Abstracts proce- 
dure names the saturated bicyclic ring system with the lac- 
tam carbonyl oxygen cepham (cf., penam for penicillins). 
According to this system, all commercially available 
cephalosporins and cephamycins are named 3-cephems (or 
A 3 -cephems) to designate the position of the double bond. 
(Interestingly, all known 2-cephems are inactive, presum- 
ably because the /3-lactam lacks the necessary ring strain to 
react sufficiently.) The trivialized forms of nomenclature of 
the type that have been applied to the penicillins are not 
consistently applicable to the naming of cephalosporins be- 
cause of variations in the substituent at the 3-position. 
Thus, although some cephalosporins are named as deriva- 
tives of cephalosporanic acids, this practice applies only to 
the derivatives that have a 3-acetoxymethyl group. 

Semisynthetic Derivatives 

To date, the more useful semisynthetic modifications of the 
basic 7-ACA nucleus have resulted from acylations of the 7- 
amino group with different acids or nucleophilic substitution 
or reduction of the acetoxyl group. Structure-activity rela- 
tionships (SARs) among the cephalosporins appear to paral- 
lel those among the penicillins insofar as the acyl group is 
concerned. The presence of an allylic acetoxyl function in 
the 3-position, however, provides a reactive site at which 
various 7-acylaminocephalosporanic acid structures can eas- 
ily be varied by nucleophilic displacement reactions. 
Reduction of the 3-acetoxymethyl to a 3-methyl substituent 
to prepare 7-aminodesacetylcephalosporanic acid (7-ADCA) 




Cephalosporin C 
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derivatives can be accomplished by catalytic hydrogenation, 
but the process currently used for the commercial synthesis 
of 7-ADCA derivatives involves the rearrangement of the 
corresponding penicillin sulfoxide. 72 Perhaps the most note- 
worthy development thus far is the discovery that 7-phenyl- 
glycyl derivatives of 7-ACA and especially 7-ADCA are ac- 
tive orally. 

In the preparation of semisynthetic cephalosporins, the 
following improvements are sought: (a) increased acid 
stability, (b) improved pharmacokinetic properties, partic- 
ularly better oral absorption, (c) broadened antimicrobial 
spectrum, (d) increased activity against resistant microor- 
ganisms (as a result of resistance to enzymatic destruction, 
improved penetration, increased receptor affinity, etc.), (e) 
decreased allergenicity, and (f) increased tolerance after 
parenteral administration. 

Structures of cephalosporins currently marketed in the 
United States are shown in Table 8.4. 

Chemical Degradation 

Cephalosporins experience various hydrolytic degradation 
reactions whose specific nature depends on the individual 
structure (Table 8.4). 73 Among 7-acylaminocephalospo- 
ranic acid derivatives, the 3-acetoxylmethyl group is the 
most reactive site. In addition to its reactivity to nucleophilic 
displacement reactions, the acetoxyl function of this group 
readily undergoes solvolysis in strongly acidic solutions to 
form the desacetylcephalosporin derivatives. The latter lac- 
tonize to form the desacetylcephalosporin lactones, which 
are virtually inactive. The 7-acylamino group of some 
cephalosporins can also be hydrolyzed under enzymatic 
(acylases) and, possibly, nonenzymatic conditions to give 7- 
ACA (or 7-ADCA) derivatives. Following hydrolysis or 
solvolysis of the 3-acetoxymethyl group, 7-ACA also lac- 
tonizes under acidic conditions (Fig. 8.5). 

The reactive functionality common to all cephalosporins is 
the /3-lactam. Hydrolysis of the /3-lactam of cephalosporins 
is believed to give initially cephalosporoic acids (in which the 



R' group is stable, [e.g., R' = H or S heterocycle]) or possi- 
bly anhydrodesacetylcephalosporoic acids (7-ADCA, for the 
7-acylaminocephalosporanic acids). It has not been possible 
to isolate either of these initial hydrolysis products in aqueous 
systems. Apparently, both types of cephalosporanic acid 
undergo fragmentation reactions that have not been charac- 
terized fully. Studies of the in vivo metabolism 74 of orally 
administered cephalosporins, however, have demonstrated 
arylacetylglycines and arylacetamidoethanols, which are 
believed to be formed from the corresponding arylacetyl- 
aminoacetaldehydes by metabolic oxidation and reduction, re- 
spectively. The aldehydes, no doubt, arise from nonenzymatic 
hydrolysis of the corresponding cephalosporoic acids. No ev- 
idence for the intramolecular opening of the /3-lactam ring by 
the 7-acylamino oxygen to form oxazolones of the penicil- 
lanic acid type has been found in the cephalosporins. At neu- 
tral to alkaline pH, however, intramolecular aminolysis of the 
/3-lactam ring by the a-amino group in the 7-ADCA deriva- 
tives cephaloglycin, cephradine, and cefadroxil occurs, form- 
ing diketopiperazine derivatives. 75,76 The formation of dimers 
and, possibly, polymers from 7-ADCA derivatives containing 
an a-amino group in the acylamino side chain may also occur, 
especially in concentrated solutions and at alkaline pH values. 

Oral Cephalosporins 

The oral activity conferred by the phenylglycyl substituent 
is attributed to increased acid stability of the lactam ring, 
resulting from the presence of a protonated amino group 
on the 7-acylamino portion of the molecule. Carrier- 
mediated transport of these dipeptide-like, zwitterionic 
cephalosporins 51 is also an important factor in their excel- 
lent oral activity. The situation, then, is analogous to that 
of the a-aminobenzylpenicillins (e.g., ampicillin). Also 
important for high acid stability (and, therefore, good oral 
activity) of the cephalosporins is the absence of the leav- 
ing group at the 3-position. Thus, despite the presence 
of the phenylglycyl side chain in its structure, the 

(text continues on page 282) 
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TABLE 8.4 Structure of Cephalosporins (continued) 
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cephalosporanic acid derivative cephaloglycin is poorly 
absorbed orally, presumably because of solvolysis of the 
3-acetoxyl group in the low pH of the stomach. The result- 
ing 3-hydroxyl derivative undergoes lactonization under 
acidic conditions. The 3-hydroxyl derivatives and, espe- 
cially, the corresponding lactones are considerably less 
active in vitro than the parent cephalosporins. Generally, 
acyl derivatives of 7-ADCA show lower in vitro antibac- 
terial potencies than the corresponding 7-ACA analogs. 

Oral activity can also be conferred in certain 
cephalosporins by esterification of the 3-carboxylic acid 
group to form acid-stable, lipophilic esters that undergo 
hydrolysis in the plasma. Cefuroxime axetil and cefpo- 
doxime proxetil are two /3-lactamase-resistant alkox- 
imino-cephalosporins that are orally active ester prodrug 
derivatives of cefuroxime and cefpodoxime, respectively, 
based on this concept. 

Parenteral Cephalosporins 

Hydrolysis of the ester function, catalyzed by hepatic and 
renal esterases, is responsible for some in vivo inactivation 
of parenteral cephalosporins containing a 3-acetoxymethyl 
substituent (e.g., cephalothin, cephapirin, and cefotaxime). 
The extent of such inactivation (20%-35%) is not large 
enough to seriously compromise the in vivo effectiveness of 
acetoxyl cephalosporins. Parenteral cephalosporins lacking 
a hydrolyzable group at the 3-position are not subject to hy- 
drolysis by esterases. Cephradine is the only cephalosporin 
that is used both orally and parenterally. 

Spectrum of Activity 

The cephalosporins are considered broad-spectrum antibi- 
otics with patterns of antibacterial effectiveness comparable 



to that of ampicillin. Several significant differences exist, 
however. Cephalosporins are much more resistant to inactiva- 
tion by /^-lactamases, particularly those produced by Gram- 
positive bacteria, than is ampicillin. Ampicillin, however, is 
generally more active against non-/3-lactamase-producing 
strains of Gram-positive and Gram-negative bacteria sensitive 
to both it and the cephalosporins. Cephalosporins, among /3- 
lactam antibiotics, exhibit uniquely potent activity against 
most species of Klebsiella. Differential potencies of 
cephalosporins, compared with penicillins, against different 
species of bacteria have been attributed to several variable 
characteristics of individual bacterial species and strains, the 
most important of which probably are (a) resistance to inacti- 
vation by ^-lactamases, (b) permeability of bacterial cells, 
and (c) intrinsic activity against bacterial enzymes involved in 
cell wall synthesis and cross-linking. 

/^-Lactamase Resistance 

The susceptibility of cephalosporins to various lactamases 
varies considerably with the source and properties of these 
enzymes. Cephalosporins are significantly less sensitive than 
all but the /3-lactamase-resistant penicillins to hydrolysis 
by the enzymes from S. aureus and Bacillus subtilis. The 
"penicillinase" resistance of cephalosporins appears to be a 
property of the bicyclic cephem ring system rather than of 
the acyl group. Despite natural resistance to staphylococcal 
ji -lactamase, the different cephalosporins exhibit consider- 
able variation in rates of hydrolysis by the enzyme. 77 Thus, 
of several cephalosporins tested in vitro, cephalothin and 
cefoxitin are the most resistant, and cephaloridine and cefa- 
zolin are the least resistant. The same acyl functionalities that 
impart ^-lactamase resistance in the penicillins unfortunately 
render cephalosporins virtually inactive against S. aureus 
and other Gram-positive bacteria. 
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Figure 8.5 • Degradation of cephalosporins. 



/3-Lactamases elaborated by Gram-negative bacteria pres- 
ent an exceedingly complex picture. Well over 100 different 
enzymes from various species of Gram-negative bacilli 
have been identified and characterized, 25 differing widely in 
specificity for various /3-lactam antibiotics. Most of these 
enzymes hydrolyze penicillin G and ampicillin faster than 
the cephalosporins. Some inducible /3-lactamases belonging 
to group C, however, are "cephalosporinases," which 
hydrolyze cephalosporins more rapidly. Inactivation by fi- 
lactamases is an important factor in determining resistance to 
cephalosporins in many strains of Gram-negative bacilli. 

The introduction of polar substituents in the aminoacyl 
moiety of cephalosporins appears to confer stability to some 
/3-lactamases. 78 Thus, cefamandole and cefonicid, which 
contain an a -hydroxy phenylacetyl (or mandoyl) group, and 



ceforanide, which has an o-aminophenyl acetyl group, are 
resistant to a few /3-lactamases. Steric factors also may be 
important because cefoperazone, an acylureidocephalosporin 
that contains the same 4-ethyl-2,3-dioxo-l-piperazinylcar- 
bonyl group present in piperacillin, is resistant to many /3- 
lactamases. Oddly enough, piperacillin is hydrolyzed by 
most of these enzymes. 

Two structural features confer broadly based resistance 
to /3-lactamases among the cephalosporins: (a) an alkox- 
imino function in the aminoacyl group and (b) a methoxyl 
substituent at the 7-position of the cephem nucleus having a 
stereochemistry. The structures of several /3-lactamase- 
resistant cephalosporins, including cefuroxime, cefotaxime, 
ceftizoxime, and ceftriaxone, feature a methoximino acyl 
group. /3-Lactamase resistance is enhanced modestly if the 
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oximino substituent also features a polar function, as in cef- 
tazidime, which has a 2-methylpropionic acid substituent on 
the oximino group. Both steric and electronic properties of 
the alkoximino group may contribute to the /3-lactamase 
resistance conferred by this functionality since syw-isomers 
are more potent than anri-isomers. 78 /3-Lactamase-resistant 
7a-methoxylcephalosporins, also called cephamycins be- 
cause they are derived from cephamycin C (an antibiotic 
isolated from Streptomyces), are represented by cefoxitin, 
cefotetan, cefmetazole, and the 1-oxocephalosporin mox- 
alactam, which is prepared by total synthesis. 

Base- or /3-lactamase-catalyzed hydrolysis of 
cephalosporins containing a good leaving group at the 3- 
position is accompanied by elimination of the leaving 
group. The enzymatic process occurs in a stepwise fashion, 
beginning with the formation of a tetrahedral transition 
state, which quickly collapses into an acyl-enzyme inter- 
mediate (Fig. 8.6). This intermediate can then either un- 
dergo hydrolysis to free the enzyme (path 1) or suffer 
elimination of the leaving group to form a relatively stable 
acyl-enzyme with a conjugated imine structure (path 2). 
Because of the stability of the acyl-enzyme intermediate, 
path 2 leads to transient inhibition of the enzyme. Faraci 



and Pratt 79,79a have shown that cephalothin and cefoxitin 
inhibit certain /3-lactamases by this mechanism, whereas 
analogs lacking a 3 ' leaving group do not. 

Antipseudomonal Cephalosporins 

Species of Pseudomonas, especially P. aeruginosa, repre- 
sent a special public health problem because of their ubiq- 
uity in the environment and their propensity to develop 
resistance to antibiotics, including the /3-lactams. The pri- 
mary mechanisms of /3-lactam resistance appear to involve 
destruction of the antibiotics by /3-lactamases and/or inter- 
ference with their penetration through the cell envelope. 
Apparently, not all /3-lactamase-resistant cephalosporins 
penetrate the cell envelope of P. aeruginosa, as only cefop- 
erazone, moxalactam, cefotaxime, ceftizoxime, ceftriaxone, 
and ceftazidime have useful antipseudomonal activity. Two 
cephalosporins, moxalactam and cefoperazone, contain the 
same polar functionalities (e.g., carboxy and A^-acylureido) 
that facilitate penetration into Pseudomonas spp. by the 
penicillins (see carbenicillin, ticarcillin, and piperacillin). 
Unfortunately, strains of P. aeruginosa resistant to cefoper- 
azone and cefotaxime have been found in clinical isolates. 
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Figure 8.6 • Inhibition of /3-lactamases by cephalosporins. 
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Adverse Reactions and Drug 
Interactions 

Like their close relatives, the penicillins, the cephalosporin 
antibiotics are comparatively nontoxic compounds that, 
because of their selective actions on cell wall cross-linking 
enzymes, exhibit highly selective toxicity toward bacteria. 
The most common adverse reactions to the cephalosporins 
are allergic and hypersensitivity reactions. These vary from 
mild rashes to life-threatening anaphylactic reactions. 
Allergic reactions are believed to occur less frequently with 
cephalosporins than with penicillins. The issue of cross- 
sensitivity between the two classes of /3-lactams is very 
complex, but the incidence is considered to be very low 
(estimated between 3% and 7%). The physician faced with 
the decision of whether or not to administer a cephalosporin 
to a patient with a history of penicillin allergy must weigh 
several factors, including the severity of the illness being 
treated, the effectiveness and safety of alternative therapies, 
and the severity of previous allergic responses to penicillins. 

Cephalosporins containing an A^-methyl-5-thiotetrazole 
(MTT) moiety at the 3-position (e.g., cefamandole, cefote- 
tan, cefmetazole, moxalactam, and cefoperazone) have 
been implicated in a higher incidence of hypoprothrom- 
binemia than cephalosporins lacking the MTT group. This 
effect, which is enhanced and can lead to severe bleeding 
in patients with poor nutritional status, debilitation, recent 
GI surgery, hepatic disease, or renal failure, is apparently 
because of inhibition of vitamin K-requiring enzymes 
involved in the carboxylation of glutamic acid residues 
in clotting factors II, VII, IX, and X to the MTT 
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group. 80 Treatment with vitamin K restores prothrombin 
time to normal in patients treated with MTT-containing 
cephalosporins. Weekly vitamin K prophylaxis has been 
recommended for high-risk patients undergoing therapy 
with such agents. Cephalosporins containing the MTT 
group should not be administered to patients receiving oral 
anticoagulant or heparin therapy because of possible syn- 
ergism with these drugs. 

The MTT group has also been implicated in the in- 
tolerance to alcohol associated with certain injectable 
cephalosporins: cefamandole, cefotetan, cefmetazole, and 
cefoperazone. Thus, disulfiram-like reactions, attributed to 
the accumulation of acetaldehyde and resulting from the 
inhibition of aldehyde dehydrogenase-catalyzed oxidation 
of ethanol by MTT-containing cephalosporins, 81 may occur 
in patients who have consumed alcohol before, during, or 
shortly after the course of therapy. 

Classification 

Cephalosporins are divided into first-, second-, third-, and 
fourth-generation agents, based roughly on their time of 
discovery and their antimicrobial properties (Table 8.5). 
In general, progression from first to fourth generation is 
associated with a broadening of the Gram-negative anti- 
bacterial spectrum, some reduction in activity against 
Gram-positive organisms, and enhanced resistance to /3- 
lactamases. Individual cephalosporins differ in their phar- 
macokinetic properties, especially plasma protein binding 
and half-life, but the structural bases for these differences 
are not obvious. 



TABLE 8.5 Classification and Properties of Cephalosporins 
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Binding 


/3-Lactamase 


Spectrum of 


Antipseudomonal 


Cephalosporin 


Generation 


Admin. 


Resistant 


(%) 


Resistance 


Activity 


Activity 


Cephalexin 


First 


Oral 


Yes 


5-15 


Poor 


Broad 


No 


Cephradine 


First 


Oral, 
parenteral 


Yes 


8-17 


Poor 


Broad 


No 


Cefadroxil 


First 


Oral 


Yes 


20 


Poor 


Broad 


No 


Cephalothin 


First 


Parenteral 


No 


65-80 


Poor 


Broad 


No 


Cephapirin 


First 


Parenteral 


No 


40-54 


Poor 


Broad 


No 


Cefazolin 


First 


Parenteral 


No 


70-86 


Poor 


Broad 


No 


Cefaclor 


Second 


Oral 


Yes 


22-25 


Poor 


Broad 


No 


Loracarbef 


Second 


Oral 


Yes 


25 


Poor 


Broad 


No 


Cefprozil 


Second 


Oral 


Yes 


36 


Poor 


Broad 


No 


Cefamandole 


Second 


Parenteral 


No 


56-78 


Poor to avg. 


Extended 


No 


Cefonicid 


Second 


Parenteral 


No 


99 


Poor to avg. 


Extended 


No 


Ceforanide 


Second 


Parenteral 


No 


80 


Average 


Extended 


No 


Cefoxitin 


Second 


Parenteral 


No 


13-22 


Good 


Extended 


No 


Cefotetan 


Second 


Parenteral 


No 


78-91 


Good 


Extended 


No 


Cefmetazole 


Second 


Parenteral 


No 


65 


Good 


Extended 


No 


Cefuroxime 


Second 


Oral, 

parenteral 


Yes/No 


33-50 


Good 


Extended 


No 


Cefpodoxime 


Second 


Oral 


Yes 


25 


Good 


Extended 


No 


Cefixime 


Third 


Oral 


Yes 


65 


Good 


Extended 


No 


Cefoperazone 


Third 


Parenteral 


No 


82-93 


Avg. to good 


Extended 


Yes 


Cefotaxime 


Third 


Parenteral 


No 


30-51 


Good 


Extended 


Yes 


Ceftizoxime 


Third 


Parenteral 


No 


30 


Good 


Extended 


Yes 


Ceftriaxone 


Third 


Parenteral 


No 


80-95 


Good 


Extended 


Yes 


Ceftazidime 


Third 


Parenteral 


No 


80-90 


Good 


Extended 


Yes 


Ceftibuten 


Third 


Oral 


Yes 


? 


Good 


Extended 


No 


Cefepime 


Fourth 


Parenteral 


No 


16-19 


Good 


Extended 


Yes 


Cefpirome 


Fourth 


Parenteral 


No 




Good 


Extended 


Yes 



Dr. Murtadha Alshareifi e-Library 



286 Wilson and Gisvold's Textbook of Organic Medicinal and Pharmaceutical Chemistry 



Products 

Cephalexin 

Cephalexin, 7a-(D-amino-a-phenylacetamido)-3-mefhyl- 
cephemcarboxylic acid (Keflex, Keforal), was designed pur- 
posely as an orally active, semisynthetic cephalosporin. The 
oral inactivation of cephalosporins has been attributed to two 
causes: instability of the /3-lactam ring to acid hydrolysis 
(cephalothin and cephaloridine) and solvolysis or microbial 
transformation of the 3-methylacetoxy group (cephalothin, 
cephaloglycin). The a-amino group of cephalexin renders it 
acid stable, and reduction of the 3-acetoxymethyl to a methyl 
group circumvents reaction at that site. 



hydroxylphenylglycyl moiety. This compound is absorbed 
well after oral administration to give plasma levels that reach 
75% to 80% of those of an equal dose of its close structural 
analog cephalexin. The main advantage claimed for ce- 
fadroxil is its somewhat prolonged duration of action, which 
permits once-a-day dosing. The prolonged duration of action 
of this compound is related to relatively slow urinary excre- 
tion of the drug compared with other cephalosporins, but 
the basis for this remains to be explained completely. The 
antibacterial spectrum of action and therapeutic indications of 
cefadroxil are very similar to those of cephalexin and cephra- 
dine. The D-p-hydroxyphenylglycyl isomer is much more 
active than the L-isomer. 




HO 



O 



HO ^O 



Cephalexin occurs as a white crystalline monohydrate. It 
is freely soluble in water, resistant to acid, and absorbed well 
orally. Food does not interfere with its absorption. Because 
of minimal protein binding and nearly exclusive renal excre- 
tion, cephalexin is recommended particularly for the treat- 
ment of urinary tract infections. It is also sometimes used for 
upper respiratory tract infections. Its spectrum of activity is 
very similar to those of cephalothin and cephaloridine. 
Cephalexin is somewhat less potent than these two agents 
after parenteral administration and, therefore, is inferior to 
them for the treatment of serious systemic infections. 

Cephradine 

Cephradine (Anspor, Velosef) is the only cephalosporin 
derivative available in both oral and parenteral dosage 
forms. It closely resembles cephalexin chemically (it may 
be regarded as a partially hydrogenated derivative of 
cephalexin) and has very similar antibacterial and pharma- 
cokinetic properties. 



H H 




HO^O 

It occurs as a crystalline hydrate that is readily soluble in 
water. Cephradine is stable to acid and absorbed almost 
completely after oral administration. It is minimally protein 
bound and excreted almost exclusively through the kidneys. 
It is recommended for the treatment of uncomplicated uri- 
nary tract and upper respiratory tract infections caused by 
susceptible organisms. Cephradine is available in both oral 
and parenteral dosage forms. 

Cefadroxil 

Cefadroxil (Duricef) is an orally active semisynthetic 
derivative of 7-ADCA, in which the 7-acyl group is the D- 




H H 



NH- 



NH 2 ^ L N^^ 
HO^O 



Cefaclor 

Cefaclor (Ceclor) is an orally active semisynthetic 
cephalosporin that was introduced in the American market in 
1979. It differs structurally from cephalexin in that the 3- 
methyl group has been replaced by a chlorine atom. It is 
synthesized from the corresponding 3-methylenecepham sul- 
foxide ester by ozonolysis, followed by halogenation of the 
resulting /8-ketoester. 82 The 3-methylenecepham sulfoxide 
esters are prepared by rearrangement of the corresponding 6- 
acylaminopenicillanic acid derivative. Cefaclor is moderately 
stable in acid and achieves enough oral absorption to provide 
effective plasma levels (equal to about two-thirds of those 
obtained with cephalexin). The compound is apparently 
unstable in solution, since about 50% of its antimicrobial ac- 
tivity is lost in 2 hours in serum at 37°C. 83 The antibacterial 
spectrum of activity is similar to that of cephalexin, but it is 
claimed to be more potent against some species sensitive 
to both agents. Currently, the drug is recommended for the 
treatment of non-life-threatening infections caused by H. 
influenzae, particularly strains resistant to ampicillin. 



H H 

NH 2 Q ^N^ C| 




H,0 
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Cefprozil 

Cefprozil (Cefzil) is an orally active second-generation 
cephalosporin that is similar in structure and antibacterial 
spectrum to cefadroxil. Oral absorption is excellent (oral 
bioavailability is about 95%) and is not affected by antacids 
or histamine H 2 -antagonists. Cefprozil exhibits greater in 
vitro activity against streptococci, Neisseria spp., and S. au- 
reus than does cefadroxil. It is also more active than the 
first-generation cephalosporins against members of the 
Enterobacteriaceae family, such as E. coll, Klebsiella spp., 
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P. mirabilis, and Citrobacter spp. The plasma half-life of 
1 .2 to 1 .4 hours permits twice-a-day dosing for the treatment 
of most community-acquired respiratory and urinary tract 
infections caused by susceptible organisms. 




H 2 N 



HO^O 



Loracarbef 

Loracarbef (Lorabid) is the first of a series of carbacephems 
prepared by total synthesis to be introduced. 84 Carbacephems 
are isosteres of the cephalosporin (or A 3 -cephem) antibiotics 
in which the 1 -sulfur atom has been replaced by a methylene 
(CH 2 ) group. Loracarbef is isosteric with cefaclor and has 
similar pharmacokinetic and microbiological properties. 
Thus, the antibacterial spectrum of activity resembles that 
of cefaclor, but it has somewhat greater potency against 
H. influenzae and M. catarrhalis, including /3-lactamase- 
producing strains. Unlike cefaclor, which undergoes degra- 
dation in human serum, loracarbef is chemically stable in 
plasma. It is absorbed well orally. Oral absorption is delayed 
by food. The half-life in plasma is about 1 hour. 




Cephalothin Sodium 

Cephalothin sodium (Keflin) occurs as a white to off-white, 
crystalline powder that is practically odorless. It is freely 
soluble in water and insoluble in most organic solvents. 
Although it has been described as a broad-spectrum anti- 
bacterial compound, it is not in the same class as the tetra- 
cyclines. Its spectrum of activity is broader than that of 
penicillin G and more similar to that of ampicillin. Unlike 
ampicillin, cephalothin is resistant to penicillinase pro- 
duced by S. aureus and provides an alternative to the use of 
penicillinase-resistant penicillins for the treatment of infec- 
tions caused by such strains. 

O 



/ — (/ H H 




is relatively nontoxic and acid stable. It is excreted rapidly 
through the kidneys; about 60% is lost within 6 hours of ad- 
ministration. Pain at the site of intramuscular injection and 
thrombophlebitis following intravenous injection have been 
reported. Hypersensitivity reactions have been observed, 
and there is some evidence of cross-sensitivity in patients 
noted previously to be penicillin sensitive. 

Cefazolin Sodium, Sterile 

Cefazolin (Ancef, Kefzol) is one of a series of semisynthetic 
cephalosporins in which the C-3 acetoxy function has been 
replaced by a thiol-containing heterocycle — here, 5-methyl- 
2-thio-l,3,4-thiadiazole. It also contains the somewhat 
unusual tetrazolylacetyl acylating group. Cefazolin was 
released in 1973 as a water-soluble sodium salt. It is active 
only by parenteral administration. 




NaO X) 



Cefazolin provides higher serum levels, slower renal 
clearance, and a longer half-life than other first-generation 
cephalosporins. It is approximately 75% protein bound in 
plasma, a higher value than for most other cephalosporins. 
Early in vitro and clinical studies suggest that cefazolin is 
more active against Gram-negative bacilli but less active 
against Gram-positive cocci than either cephalothin or 
cephaloridine. Occurrence rates of thrombophlebitis follow- 
ing intravenous injection and pain at the site of intramuscu- 
lar injection appear to be the lowest of the parenteral 
cephalosporins. 

Cephapirin Sodium, Sterile 

Cephapirin (Cefadyl) is a semisynthetic 7-ACA derivative 
released in the United States in 1974. It closely resembles 
cephalothin in chemical and pharmacokinetic properties. Like 
cephalothin, cephapirin is unstable in acid and must be 
administered parenterally in the form of an aqueous solution 
of the sodium salt. It is moderately protein bound (45%-50%) 
in plasma and cleared rapidly by the kidneys. Cephapirin and 
cephalothin are very similar in antimicrobial spectrum and 
potency. Conflicting reports concerning the relative occur- 
rence of pain at the site of injection and thrombophlebitis after 
intravenous injection of cephapirin and cephalothin are diffi- 
cult to assess on the basis of available clinical data. 
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Cephalothin is absorbed poorly from the GI tract and 
must be administered parenterally for systemic infections. It 



Na 



Cefamandole Nafate 

Cefamandole (Mandol) nafate is the formate ester of 
cefamandole, a semisynthetic cephalosporin that incorporates 
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D-mandelic acids as the acyl portion and a thiol-containing 
heterocycle (5-thio-l,2,3,4-tetrazole) in place of the acetoxyl 
function on the C-3 methylene carbon atom. Esterification of 
the a-hydroxyl group of the D-mandeloyl function overcomes 
the instability of cefamandole in solid-state dosage forms 85 
and provides satisfactory concentrations of the parent antibi- 
otic in vivo through spontaneous hydrolysis of the ester at 
neutral to alkaline pH. Cefamandole is the first second-gener- 
ation cephalosporin to be marketed in the United States. 



O 




H H 

O HO 
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The D-mandeloyl moiety of cefamandole appears to 
confer resistance to a few /3-lactamases, since some j3- 
lactamase-producing, Gram-negative bacteria (particularly 
Enterobacteriaceae) that show resistance to cefazolin and 
other first-generation cephalosporins are sensitive to 
cefamandole. Additionally, it is active against some ampi- 
cillin-resistant strains of Neisseria and Haemophilus spp. 
Although resistance to /3-lactamases may be a factor in de- 
termining the sensitivity of individual bacterial strains to 
cefamandole, an early study 86 indicated that other factors, 
such as permeability and intrinsic activity, are frequently 
more important. The L-mandeloyl isomer is significantly 
less active than the D-isomer. 

Cefamandole nafate is very unstable in solution and 
hydrolyzes rapidly to release cefamandole and formate. 
There is no loss of potency, however, when such solutions 
are stored for 24 hours at room temperature or up to 96 
hours when refrigerated. Air oxidation of the released for- 
mate to carbon dioxide can cause pressure to build up in the 
injection vial. 

Cefonicid Sodium, Sterile 

Cefonicid Sodium (Monocid) is a second-generation 
cephalosporin that is structurally similar to cefamandole, 
except that it contains a methane sulfonic acid group 
attached to the N-l position of the tetrazole ring. The 
antimicrobial spectrum and limited /3-lactamase stability 
of cefonicid are essentially identical with those of 
cefamandole. 




Na 



Cefonicid is unique among the second-generation 
cephalosporins in that it has an unusually long serum half- 
life of approximately 4.5 hours. High plasma protein bind- 
ing coupled with slow renal tubular secretion are apparently 
responsible for the long duration of action. Despite the high 



fraction of drug bound in plasma, cefonicid is distributed 
throughout body fluids and tissues, with the exception of the 
cerebrospinal fluid. 

Cefonicid is supplied as a highly water-soluble disodium 
salt, in the form of a sterile powder to be reconstituted for 
injection. Solutions are stable for 24 hours at 25°C and for 
72 hours when refrigerated. 

Ceforanide, Sterile 

Ceforanide (Precef) was approved for clinical use in the 
United States in 1984. It is classified as a second-generation 
cephalosporin because its antimicrobial properties are simi- 
lar to those of cefamandole. It exhibits excellent potency 
against most members of the Enterobacteriaceae family, 
especially K. pneumoniae, E. coli, P. tnirabilis, and 
Enterobacter cloacae. It is less active than cefamandole 
against H. influenzae, however. 




HO 



The duration of action of ceforanide lies between those of 
cefamandole and cefonicid. It has a serum half-life of about 
3 hours, permitting twice-a-day dosing for most indications. 
Ceforanide is supplied as the sterile, crystalline disodium 
salt. Parenteral solutions are stable for 4 hours at 25°C and 
for up to 5 days when refrigerated. 

Cefoperazone Sodium, Sterile 

Cefoperazone (Cefobid) is a third-generation, anti- 
pseudomonal cephalosporin that resembles piperacillin 
chemically and microbiologically. It is active against many 
strains of P. aeruginosa, indole-positive Proteus spp., 
Enterobacter spp., and S. marcescens that are resistant to 
cefamandole. It is less active than cephalothin against 
Gram-positive bacteria and less active than cefamandole 
against most of the Enterobacteriaceae. Like piperacillin, 
cefoperazone is hydrolyzed by many of the /3-lactamases 
that hydrolyze penicillins. Unlike piperacillin, however, it 
is resistant to some (but not all) of the ^-lactamases that 
hydrolyze cephalosporins. 
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Cefoperazone is excreted primarily in the bile. Hepatic 
dysfunction can affect its clearance from the body. Although 
only 25% of the free antibiotic is recovered in the urine, 
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urinary concentrations are high enough to be effective in the 
management of urinary tract infections caused by suscepti- 
ble organisms. The relatively long half-life (2 hours) allows 
dosing twice a day. Solutions prepared from the crystalline 
sodium salt are stable for up to 4 hours at room temperature. 
If refrigerated, they will last 5 days without appreciable loss 
of potency. 

Cefoxitin Sodium, Sterile 

Cefoxitin (Mefoxin) is a semisynthetic derivative obtained 
by modification of cephamycin C, a 7 a-methoxy-substituted 
cephalosporin isolated independently from various 
Streptomyces by research groups in Japan 87 and the United 
States. Although it is less potent than cephalothin against 
Gram-positive bacteria and cefamandole against most of the 
Enterobacteriaceae, cefoxitin is effective against certain 
strains of Gram-negative bacilli (e.g., E. coli, K. pneumo- 
niae, Providencia spp., S. marcescens, indole-positive 
Proteus spp., and Bacteroides spp.) that are resistant to these 
cephalosporins. It is also effective against penicillin-resistant 
S. aureus and N. gonorrhoeae. 




<X ^NH 2 
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The activity of cefoxitin and cephamycins, in general, 
against resistant bacterial strains is because of their resistance 
to hydrolysis by ^-lactamases conferred by the 7a-methoxyl 
substituent. 88 Cefoxitin is a potent competitive inhibitor of 
many ^-lactamases. It is also a potent inducer of chromosom- 
ally mediated /3-lactamases. The temptation to exploit the /3- 
lactamase-inhibiting properties of cefoxitin by combining it 
with /3-lactamase-labile |3-lactam antibiotics should be tem- 
pered by the possibility of antagonism. In fact, cefoxitin an- 
tagonizes the action of cefamandole against E. cloacae and 
that of carbenicillin against P. aeruginosa. 89 Cefoxitin alone 
is essentially ineffective against these organisms. 

The pharmacokinetic properties of cefoxitin resemble 
those of cefamandole. Because its half-life is relatively 
short, cefoxitin must be administered 3 or 4 times daily. 
Solutions of the sodium salt intended for parenteral admin- 
istration are stable for 24 hours at room temperature and 1 
week if refrigerated. 7a-Methoxyl substitution stabilizes, to 
some extent, the /3 -lactam to alkaline hydrolysis. 

The principal role of cefoxitin in therapy seems to be for 
the treatment of certain anaerobic and mixed aerobic-anaer- 
obic infections. It is also used to treat gonorrhea caused by 
/8-lactamase-producing strains. It is classified as a second- 
generation agent because of its spectrum of activity. 

Cefotetan Disodium 

Cefotetan (Cefotan) is a third-generation cephalosporin that 
is structurally similar to cefoxitin. Like cefoxitin, cefotetan 
is resistant to destruction by /3-lactamases. It is also a com- 
petitive inhibitor of many ^-lactamases and causes transient 



inactivation of some of these enzymes. Cefotetan is reported 
to synergize with j8-lactamase-sensitive /3-lactams but, un- 
like cefoxitin, does not appear to cause antagonism. 90 
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The antibacterial spectrum of cefotetan closely resembles 
that of cefoxitin. It is, however, generally more active 
against S. aureus, and members of the Enterobacteriaceae 
family sensitive to both agents. It also exhibits excellent 
potency against H. influenzae and N. gonorrhoeae, includ- 
ing /3-lactamase-producing strains. Cefotetan is slightly less 
active than cefoxitin against B. fragilis and other anaerobes. 
Enterobacter spp. are generally resistant to cefotetan, and 
the drag is without effect against Pseudomonas spp. 

Cefotetan has a relatively long half-life of about 3.5 
hours. It is administered on a twice-daily dosing schedule. It 
is excreted largely unchanged in the urine. Aqueous 
solutions for parenteral administration maintain potency for 
24 hours at 25 °C. Refrigerated solutions are stable for 4 days. 

Cefotetan contains the MTT group that has been associ- 
ated with hypoprothrombinemia and alcohol intolerance. 
Another cephalosporin that lacks these properties should be 
selected for patients at risk for severe bleeding or alcoholism. 

Cefmetazole Sodium 

Cefmetazole (Zefazone) is a semisynthetic, third-generation, 
parenteral cephalosporin of the cephamycin group. Like 
other cephamycins, the presence of the 7 a-methoxyl group 
confers resistance to many ^-lactamases. Cefmetazole 
exhibits significantly higher potency against members of 
the Enterobacteriaceae family but lower activity against 
Bacteroides spp. than cefoxitin. It is highly active against 
N. gonorrhoeae, including /3-lactamase-producing strains. In 
common with other cephamycins, cefmetazole is ineffective 
against indole-positive Proteus, Enterobacter, Providencia, 
Serratia, and Pseudomonas spp. Cefmetazole has the MTT 
moiety associated with increased bleeding in certain high- 
risk patients. It has a plasma half-life of 1. 1 hours. 
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Cefuroxime Sodium 

Cefuroxime (Zinacef) is the first of a series of a-methoximi- 
noacyl-substituted cephalosporins that constitute most of the 
third-generation agents available for clinical use. A syn alkox- 
imino substituent is associated with /3-lactamase stability in 
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these cephalosporins. 78 Cefuroxime is classified as a second- 
generation cephalosporin because its spectrum of antibacte- 
rial activity more closely resembles that of cefamandole. It is, 
however, active against /3-lactamase-producing strains that 
are resistant to cefamandole, such as E. coli, K. pneumoniae, 
N. gonorrhoeae , and H. influenzae. Other important Gram- 
negative pathogens, such as Serratia, indole-positive Proteus 
spp., P. aeruginosa, and B.fragilis, are resistant. 
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Cefuroxime is distributed throughout the body. It pene- 
trates inflamed meninges in high enough concentrations to 
be effective in meningitis caused by susceptible organisms. 
Three-times-daily dosing is required to maintain effective 
plasma levels for most sensitive organisms, such as 
Neisseria meningitidis, Streptococcus pneumoniae , and H. 
influenzae. It has a plasma half-life of 1.4 hours. 

Cefuroxime Axetil 

Cefuroxime axetil (Ceftin) is the 1-acetyoxyethyl ester of 
cefuroxime. During absorption, this acid-stable, lipophilic, 
oral prodrug derivative of cefuroxime is hydrolyzed to ce- 
furoxime by intestinal and/or plasma enzymes. The axetil 
ester provides an oral bioavailability of 35% to 50% of ce- 
furoxime, depending on conditions. Oral absorption of the 
ester is increased by food but decreased by antacids and his- 
tamine H 2 -antagonists. The latter effect may be because of 
spontaneous hydrolysis of the ester in the intestine because 
of the higher pH created by these drugs. Axetil is used for 
the oral treatment of non-life-threatening infections caused 
by bacteria that are susceptible to cefuroxime. The prodrug 
form permits twice-a-day dosing for such infections. 
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Cefpodoxime Proxetil 

Cefpodoxime proxetil (Vantin) is the isopropyloxycar- 
bonylethyl ester of the third-generation cephalosporin 
cefpodoxime. This orally active prodrug derivative is hy- 
drolyzed by esterases in the intestinal wall and in the 
plasma to provide cefpodoxime. Tablets and a powder for 
the preparation of an aqueous suspension for oral pediatric 
administration are available. The oral bioavailability of cef- 
podoxime from the proxetil is estimated to be about 50%. 
Administration of the prodrug with food enhances its ab- 
sorption. The plasma half-life is 2.2 hours, which permits 
administration on a twice-daily schedule. 
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Cefpodoxime is a broad-spectrum cephalosporin with 
useful activity against a relatively wide range of Gram- 
positive and Gram-negative bacteria. It is also resistant to 
many ^-lactamases. Its spectrum of activity includes S. 
pneumoniae, Streptococcus pyogenes, S. aureus, H. influen- 
zae, M. catarrhalis, and Neisseria spp. Cefpodoxime is also 
active against members of the Enterobacteriaceae family, 
including E. coli, K. pneumoniae, and P. mirabilis. It thus 
finds use in the treatment of upper and lower respiratory in- 
fections, such as pharyngitis, bronchitis, otitis media, and 
community-acquired pneumonia. It is also useful for the 
treatment of uncomplicated gonorrhea. 

Cefixime 

Cefixime (Suprax) is the first orally active, third-generation 
cephalosporin that is not an ester prodrug to be approved for 
therapy in the United States. Oral bioavailability is surpris- 
ingly high, ranging from 40% to 50%. Facilitated transport 
of cefixime across intestinal brush border membranes in- 
volving the carrier system for dipeptides may explain its 
surprisingly good oral absorption. 91 This result was not ex- 
pected because cefixime lacks the ionizable a-amino group 
present in dipeptides and /3-lactams previously known to be 
transported by the carrier system. 51 ' 91 
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Cefixime is a broad-spectrum cephalosporin that is resis- 
tant to many /3-lactamases. It is particularly effective against 
Gram-negative bacilli, including E. coli, Klebsiella spp., P. 
mirabilis, indole-positive Proteus, Providencia, and some 
Citrobacter spp. Most Pseudomonas, Enterobacter, and 
Bacteroides spp. are resistant. It also has useful activity 
against streptococci, gonococci, H. influenzae, and M. ca- 
tarrhalis. It is much less active against S. aureus. Cefixime is 
used for the treatment of various respiratory tract infections 
(e.g., acute bronchitis, pharyngitis, and tonsillitis) and otitis 
media. It is also used to treat uncomplicated urinary tract in- 
fections and gonorrhea caused by /3-lactamase-producing 
bacterial strains. 

The comparatively long half-life of cefixime (r 1/2 is 
3-4 hours) allows it to be administered on a twice-a-day 
schedule. Renal tubular reabsorption and a relatively high 
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fraction of plasma protein binding ( —65%) contribute to the 
long half-life. It is provided in two-oral dosage forms: 200- 
or 400-mg tablets and a powder for the preparation of an 
aqueous suspension. 

Cefotaxime Sodium, Sterile 

Cefotaxime (Claforan) was the first third-generation 
cephalosporin to be introduced. It possesses excellent 
broad-spectrum activity against Gram-positive and Gram- 
negative aerobic and anaerobic bacteria. It is more active 
than moxalactam against Gram-positive organisms. Many 
/3-lactamase-producing bacterial strains are sensitive to ce- 
fotaxime, including N. gonorrhoeae, Klebsiella spp., H. in- 
fluenzae, S. aureus, and E. cloacae. Some, but not all, 
Pseudomonas strains are sensitive. Enterococci and Listeria 
monocytogenes are resistant. 
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The syM-isomer of cefotaxime is significantly more active 
than the awff-isomer against /8-lactamase-producing bacte- 
ria. This potency difference is, in part, because of greater 
resistance of the syw-isomer to the action of /^-lactamases. 78 
The higher affinity of the syn-isomer for PBPs, however, 
may also be a factor. 92 

Cefotaxime is metabolized in part to the less active de- 
sacetyl metabolite. Approximately 20% of the metabolite 
and 25% of the parent drug are excreted in the urine. The 
parent drug reaches the cerebrospinal fluid in sufficient con- 
centration to be effective in the treatment of meningitis. 
Solutions of cefotaxime sodium should be used within 24 
hours. If stored, they should be refrigerated. Refrigerated so- 
lutions maintain potency up to 10 days. 

Ceftizoxime Sodium, Sterile 

Ceftizoxime (Cefizox) is a third-generation cephalosporin 
that was introduced in 1984. This /3-lactamase-resistant agent 
exhibits excellent activity against the Enterobacteriaceae, 
especially E. coli, K. pneumoniae, E. cloacae, Enterobacter 
aerogenes, indole-positive and indole-negative Proteus spp., 
and S. marcescens. Ceftizoxime is claimed to be more active 
than cefoxitin against B. fragilis. It is also very active against 
Gram-positive bacteria. Its activity against P. aeruginosa is 
somewhat variable and lower than that of either cefotaxime or 
cefoperazone. 




Ceftizoxime is not metabolized in vivo. It is excreted 
largely unchanged in the urine. Adequate levels of the drug 
are achieved in the cerebrospinal fluid for the treatment of 
Gram-negative or Gram-positive bacterial meningitis. It must 
be administered on a thrice-daily dosing schedule because of 
its relatively short half-life. Ceftizoxime sodium is very sta- 
ble in the dry state. Solutions maintain potency for up to 24 
hours at room temperature and 10 days when refrigerated. 

Ceftriaxone Disodium, Sterile 

Ceftriaxone (Rocephin) is a /3-lactamase-resistant 
cephalosporin with an extremely long serum half-life. 
Once-daily dosing suffices for most indications. Two fac- 
tors contribute to the prolonged duration of action of 
ceftriaxone: high protein binding in the plasma and slow 
urinary excretion. Ceftriaxone is excreted in both the bile 
and the urine. Its urinary excretion is not affected by 
probenecid. Despite its comparatively low volume of 
distribution, it reaches the cerebrospinal fluid in concen- 
trations that are effective in meningitis. Nonlinear pharma- 
cokinetics are observed. 
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Ceftriaxone contains a highly acidic heterocyclic system 
on the 3-thiomethyl group. This unusual dioxotriazine ring 
system is believed to confer the unique pharmacokinetic 
properties of this agent. Ceftriaxone has been associated 
with sonographically detected "sludge," or pseudolithiasis, 
in the gallbladder and common bile duct. 93 Symptoms of 
cholecystitis may occur in susceptible patients, especially 
those on prolonged or high-dose ceftriaxone therapy. The 
culprit has been identified as the calcium chelate. 

Ceftriaxone exhibits excellent broad-spectrum antibacte- 
rial activity against both Gram-positive and Gram-negative 
organisms. It is highly resistant to most chromosomally and 
plasmid-mediated ^-lactamases. The activity of ceftriaxone 
against Enterobacter, Citrobacter, Serratia, indole-positive 
Proteus, and Pseudomonas spp. is particularly impressive. It 
is also effective in the treatment of ampicillin-resistant gon- 
orrhea and H. influenzae infections but generally less active 
than cefotaxime against Gram-positive bacteria and B. 
fragilis. 

Solutions of ceftriaxone sodium should be used within 24 
hours. They may be stored up to 10 days if refrigerated. 

Ceftazidime Sodium, Sterile 

Ceftazidime (Fortaz, Tazidime) is a /3-lactamase-resistant 
third-generation cephalosporin that is noted for its an- 
tipseudomonal activity. It is active against some strains of P. 
aeruginosa that are resistant to cefoperazone and ceftriax- 
one. Ceftazidime is also highly effective against /3-lacta- 
mase-producing strains of the Enterobacteriaceae family. It 
is generally less active than cefotaxime against Gram-posi- 
tive bacteria and B. fragilis. 



Dr. Murtadha Alshareifi e-Library 



292 Wilson and Gisvold's Textbook of Organic Medicinal and Pharmaceutical Chemistry 



NH, 



S^N 




H 



O 



N 



O 



HO 




0 0 

Na + 

The structure of ceftazidime contains two noteworthy 
features: (a) a 2-methylpropionicoxaminoacyl group that 
confers /3-lactamase resistance and, possibly, increased 
permeability through the porin channels of the cell envelope 
and (b) a pyridinium group at the 3-position that confers 
zwitterionic properties on the molecule. 

Ceftazidime is administered parenterally 2 or 3 times 
daily, depending on the severity of the infection. Its serum 
half-life is about 1.8 hours. It has been used effectively for 
the treatment of meningitis caused by H. influenzae and 
N. meningitidis. 

NEWER CEPHALOSPORINS 

Cephalosporins currently undergoing clinical trials or re- 
cently being marketed in the United States fall into two cate- 
gories: (a) orally active /3-lactamase-resistant cephalosporins 
and (b) parenteral /3-lactamase-resistant antipseudomonal 
cephalosporins. The status of some of these compounds 
awaits more extensive clinical evaluation. Nonetheless, it 
appears that any advances they represent will be relatively 
modest. 

Ceftibuten 

Ceftibuten (Cedax) is a recently introduced, chemically 
novel analog of the oximino cephalosporins in which an 
olefinic methylene group (C=CHCH 2 -) with Z stereo- 
chemistry has replaced the syn oximino (C=NO-) group. 
This isosteric replacement yields a compound that retains 
resistance to hydrolysis catalyzed by many /3-lactamases, 
has enhanced chemical stability, and is orally active. Oral 
absorption is rapid and nearly complete. It has the highest 
oral bioavailability of the third- generation cephalosporins. 94 
Ceftibuten is excreted largely unchanged in the urine and 
has a half-life of about 2.5 hours. Plasma protein binding of 
this cephalosporin is estimated to be 63%. 
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Ceftibuten possesses excellent potency against most 
members of the Enterobacteriaceae family, H. influenzae, 
Neisseria spp., and M. catarrhalis. It is not active against S. 
aureus or P. aeruginosa and exhibits modest antistreptococ- 



cal activity. Ceftibuten is recommended in the management 
of community-acquired respiratory tract, urinary tract, and 
gynecological infections. 

Cefpirome 

Cefpirome (Cefrom) is a newer parenteral, /3-lactamase- 
resistant cephalosporin with a quaternary ammonium group 
at the 3-position of the cephem nucleus. Because its potency 
against Gram-positive and Gram-negative bacteria rivals that 
of the first-generation and third-generation cephalosporins, 
respectively, cefpirome is being touted as the first fourth- 
generation cephalosporin. 95 Its broad spectrum includes 
methicillin-sensitive staphylococci, penicillin-resistant 
pneumococci, and /3-lactamase-producing strains of E. coli, 
Enterobacter, Citrobacter, and Serratia spp. Its efficacy 
against P. aeruginosa is comparable with that of ceftazidime. 
Cefpirome is excreted largely unchanged in the urine with a 
half-life of 2 hours. 




Cefepime 

Cefepime (Maxipime, Axepin) is a parenteral, /3- 
lactamase-resistant cephalosporin that is chemically and mi- 
crobiologically similar to cefpirome. It also has a broad 
antibacterial spectrum, with significant activity against both 
Gram-positive and Gram-negative bacteria, including strep- 
tococci, staphylococci, Pseudomonas spp., and the 
Enterobacteriaceae. It is active against some bacterial isolates 
that are resistant to ceftazidime. 96 The efficacy of cefepime 
has been demonstrated in the treatment of urinary tract infec- 
tions, lower respiratory tract infections, skin and soft tissue 
infections, chronic osteomyelitis, and intra-abdominal and 
biliary infections. It is excreted in the urine with a half-life of 
2.1 hours. It is bound minimally to plasma proteins. Cefepime 
is also a fourth-generation cephalosporin. 
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Future Developments in 
Cephalosporin Design 

Recent research efforts in the cephalosporin field have 
focused primarily on two desired antibiotic properties: (a) in- 
creased permeability into Gram-negative bacilli, leading to 



Dr. Murtadha Alshareifi e-Library 




enhanced efficacy against permeability-resistant strains of 
Enterobacteriaceae and P. aeruginosa, and (b) increased 
affinity for altered PBPs, in particular the PBP 2a (or PBP 2 ') 
of MRS A. 31 

The observation that certain catechol-substituted 
cephalosporins exhibit marked broad-spectrum antibacterial 
activity led to the discovery that such compounds and other 
analogs capable of chelating iron could mimic natural 
siderophores (iron-chelating peptides) and thus be actively 
transported into bacterial cells via the tonB-dependent iron- 
transport system. 97 ' 98 This provides a means of attack- 
ing bacterial strains that resist cellular penetration of 
cephalosporins. 

A catechol-containing cephalosporin that exhibits excel- 
lent in vitro antibacterial activity against clinical isolates 
and promising pharmacokinetic properties is GR-69153. GR- 
69153 is a parenteral j8-lactamase-resistant cephalosporin 
with a broad spectrum of activity against Gram-positive and 
Gram-negative bacteria. 

The antibacterial spectrum of GR-69153 includes most 
members of the Enterobacteriaceae family, P. aeruginosa, 
H. influenzae, N. gonorrhoeae, M. catarrhalis, staphylo- 
cocci, streptococci, and Acinetobacter spp. It was not active 
against enterococci, B. fragilis, or MRSA. The half-life of 
GR-69153 in human volunteers was determined to be 3.5 
hours, suggesting that metabolism by catechol- 0-methyl- 
transferase may not be an important factor. The relatively 
long half-life would permit once-a-day parenteral dosing for 
the treatment of many serious bacterial infections. 
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An experimental cephalosporin that has exhibited con- 
siderable promise against MRSA in preclinical evaluations 
is TOC-039. 

TOC-039 is a parenteral, /3-lactamase-resistant, hydrox- 
yimino cephalosporin with a vinylthiopyridyl side chain 
attached to the 3-position of the cephem nucleus. It is a 
broad-spectrum agent that exhibits good activity against 
most aerobic Gram-positive and Gram-negative bacteria, 
including staphylococci, streptococci, enterococci, H. in- 
fluenzae, M. catarrhalis, and most of the Enterobacteriaceae 
family. 99 A few strains of P. vulgaris, S. marcescens, and 
Citrobacter freundii are resistant, and TOC-039 is inactive 
against P. aeruginosa. Although the minimum inhibiting 
concentration (MIC) of TOC-039 against MRSA is slightly 
less than that of vancomycin, it is more rapidly bacterioci- 
dal. Future clinical evaluations will determine if TOC-039 
has the appropriate pharmacokinetic and antibacterial prop- 
erties in vivo to be approved for the treatment of bacterial 
infections in humans. 



O MONOBACTAMS 

The development of useful monobactam antibiotics began 
with the independent isolation of sulfazecin (SQ 26,445) 
and other monocyclic /^-lactam antibiotics from saprophytic 
soil bacteria in Japan 100 and the United States. 101 Sulfazecin 
was found to be weakly active as an antibacterial agent but 
highly resistant to /3-lactamases. 




Sulfazecin 



Extensive SAR studies 102 eventually led to the develop- 
ment of aztreonam, which has useful properties as an anti- 
bacterial agent. Early work established that the 3-methoxy 
group, which was in part responsible for /3-lactamase stabil- 
ity in the series, contributed to the low antibacterial potency 
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and poor chemical stability of these antibiotics. A 4-methyl 
group, however, increases stability to /3-lactamases and 
activity against Gram-negative bacteria at the same time. 
Unfortunately, potency against Gram-positive bacteria de- 
creases. 4,4-Gem-dimethyl substitution slightly decreases 
antibacterial potency after oral administration. 

Products 

Aztreonam Disodium 

Aztreonam (Azactam) is a monobactam prepared by total 
synthesis. It binds with high affinity to PBP 3 in Gram- 
negative bacteria only. It is inactive against Gram-positive 
bacteria and anaerobes. /^-Lactamase resistance is like that 
of ceftazidime, which has the same isobutyric acid oximi- 
noacyl group. Aztreonam does not induce chromosomally 
mediated /3-lactamases. 
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Aztreonam is particularly active against aerobic Gram- 
negative bacilli, including E. coli, K. pneumoniae, Klebsiella 
oxytoca, P. mirabilis, S. marcescens, Citrobacter spp., and P. 
aeruginosa. It is used to treat urinary and lower respiratory 
tract infections, intra-abdominal infections, and gynecologi- 
cal infections, as well as septicemias caused by these organ- 
isms. Aztreonam is also effective against, but is not currently 
used to treat, infections caused by Haemophilus, Neisseria, 
Salmonella, indole-positive Proteus, and Yersinia spp. It is 
not active against Gram-positive bacteria, anaerobic bacteria, 
or other species of Pseudomonas. 

Urinary excretion is about 70% of the administered dose. 
Some is excreted through the bile. Serum half-life is 1.7 
hours, which allows aztreonam to be administered 2 or 3 
times daily, depending on the severity of the infection. Less 
than 1% of an orally administered dose of aztreonam is 
absorbed, prompting the suggestion that this /3-lactam could 
be used to treat intestinal infections. 

The disodium salt of aztreonam is very soluble in water. 
Solutions for parenteral administration containing 2% or 
less are stable for 48 hours at room temperature. 
Refrigerated solutions retain full potency for 1 week. 

Tigemonam 

Tigemonam is a newer monobactam that is orally active. 
It is highly resistant to /3-lactamases. The antibacterial 
spectrum of activity resembles that of aztreonam. It is very 
active against the Enterobacteriaceae, including E. coli, 
Klebsiella, Proteus, Citrobacter, Serratia, and Enterobacter 
spp. It also exhibits good potency against H. influenzae and 
N. gonorrhoeae. Tigemonam is not particularly active 
against Gram-positive or anaerobic bacteria and is inactive 
against P. aeruginosa . 
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In contrast to the poor oral bioavailability of aztre- 
onam, the oral absorption of tigemonam is excellent. It 
could become a valuable agent for the oral treatment of 
urinary tract infections and other non-life-threatening in- 
fections caused by /3-lactamase-producing Gram-negative 
bacteria. 



O AMINOGLYCOSIDES 

The discovery of streptomycin, the first aminoglycoside an- 
tibiotic to be used in chemotherapy, was the result of a 
planned and deliberate search begun in 1939 and brought to 
fruition in 1944 by Schatz and associates. 104 This success 
stimulated worldwide searches for antibiotics from 
the actinomycetes and, particularly, from the genus 
Streptomyces. Among the many antibiotics isolated from 
that genus, several are compounds closely related in struc- 
ture to streptomycin. Six of them — kanamycin, neomycin, 
paromomycin, gentamicin, tobramycin, and netilmicin — 
currently are marketed in the United States. Amikacin, a 
semisynthetic derivative of kanamycin A, has been added, 
and it is possible that additional aminoglycosides will be 
introduced in the future. 

All aminoglycoside antibiotics are absorbed very poorly 
(less than 1% under normal circumstances) following oral 
administration, and some of them (kanamycin, neomycin, 
and paromomycin) are administered by that route for the 
treatment of GI infections. Because of their potent broad- 
spectrum antimicrobial activity, they are also used for the 
treatment of systemic infections. Their undesirable side 
effects, particularly ototoxicity and nephrotoxicity, have re- 
stricted their systemic use to serious infections or infections 
caused by bacterial strains resistant to other agents. When 
administered for systemic infections, aminoglycosides must 
be given parenterally, usually by intramuscular injection. 
An additional antibiotic obtained from Streptomyces, 
spectinomycin, is also an aminoglycoside but differs chem- 
ically and microbiologically from other members of the 
group. It is used exclusively for the treatment of uncompli- 
cated gonorrhea. 

Chemistry 

Aminoglycosides are so named because their structures con- 
sist of amino sugars linked glycosidically. All have at least 
one aminohexose, and some have a pentose lacking an amino 
group (e.g., streptomycin, neomycin, and paromomycin). 
Additionally, each of the clinically useful aminoglycosides 
contains a highly substituted 1,3-diaminocyclohexane central 
ring; in kanamycin, neomycin, gentamicin, and tobramycin, it 
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is deoxystreptamine, and in streptomycin, it is streptadine. 
The aminoglycosides are thus strongly basic compounds that 
exist as polycations at physiological pH. Their inorganic acid 
salts are very soluble in water. All are available as sulfates. 
Solutions of the aminoglycoside salts are stable to autoclav- 
ing. The high water solubility of the aminoglycosides no 
doubt contributes to their pharmacokinetic properties. They 
distribute well into most body fluids but not into the central 
nervous system, bone, or fatty or connective tissues. They 
tend to concentrate in the kidneys and are excreted by 
glomerular filtration. Aminoglycosides are apparently not 
metabolized in vivo. 

Spectrum of Activity 

Although the aminoglycosides are classified as broad- 
spectrum antibiotics, their greatest usefulness lies in the 
treatment of serious systemic infections caused by aerobic 
Gram-negative bacilli. The choice of agent is generally be- 
tween kanamycin, gentamicin, tobramycin, netilmicin, and 
amikacin. Aerobic Gram-negative and Gram-positive cocci 
(with the exception of staphylococci) tend to be less sensi- 
tive; thus, the /3-lactams and other antibiotics tend to be 
preferred for the treatment of infections caused by these or- 
ganisms. Anaerobic bacteria are invariably resistant to the 
aminoglycosides. Streptomycin is the most effective of the 
group for the chemotherapy of TB, brucellosis, tularemia, 
and Yersinia infections. Paromomycin is used primarily in 
the chemotherapy of amebic dysentery. Under certain cir- 
cumstances, aminoglycoside and /3-lactam antibiotics exert a 
synergistic action in vivo against some bacterial strains 
when the two are administered jointly. For example, carbeni- 
cillin and gentamicin are synergistic against gentamicin-sen- 
sitive strains of P. aeruginosa and several other species of 
Gram-negative bacilli, and penicillin G and streptomycin (or 
gentamicin or kanamycin) tend to be more effective than ei- 
ther agent alone in the treatment of enterococcal endocardi- 
tis. The two antibiotic types should not be combined in the 
same solution because they are chemically incompatible. 
Damage to the cell wall caused by the j3 -lactam antibiotic is 
believed to increase penetration of the aminoglycoside into 
the bacterial cell. 

Mechanism of Action 

Most studies concerning the mechanism of antibacterial 
action of the aminoglycosides were carried out with 
streptomycin. However, the specific actions of other amino- 
glycosides are thought to be qualitatively similar. The amino- 
glycosides act directly on the bacterial ribosome to inhibit the 
initiation of protein synthesis and to interfere with the fidelity 
of translation of the genetic message. They bind to the 30S ri- 
bosomal subunit to form a complex that cannot initiate proper 
amino acid polymerization. 105 The binding of streptomycin 
and other aminoglycosides to ribosomes also causes misread- 
ing mutations of the genetic code, apparently resulting from 
failure of specific aminoacyl RNAs to recognize the proper 
codons on messenger RNA (mRNA) and hence incorporation 
of improper amino acids into the peptide chain. 106 Evidence 
suggests that the deoxystreptamine-containing aminoglyco- 
sides differ quantitatively from streptomycin in causing 
misreading at lower concentrations than those required 
to prevent initiation of protein synthesis, whereas strepto- 
mycin is equally effective in inhibiting initiation and causing 
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misreading. 107 Spectinomycin prevents the initiation of pro- 
tein synthesis but apparently does not cause misreading. All 
of the commercially available aminoglycoside antibiotics are 
bactericidal, except spectinomycin. The mechanism for the 
bactericidal action of the aminoglycosides is not known. 

Microbial Resistance 

The development of strains of Enterobacteriaceae resistant to 
antibiotics is a well-recognized, serious medical problem. 
Nosocomial (hospital acquired) infections caused by 
these organisms are often resistant to antibiotic therapy. 
Research has established clearly that multidrug resistance 
among Gram-negative bacilli to various antibiotics occurs 
and can be transmitted to previously nonresistant strains of 
the same species and, indeed, to different species of bacteria. 
Resistance is transferred from one bacterium to another by 
extrachromosomal R factors (DNA) that self-replicate and 
are transferred by conjugation (direct contact). The amino- 
glycoside antibiotics, because of their potent bactericidal ac- 
tion against Gram-negative bacilli, are now preferred for the 
treatment of many serious infections caused by coliform bac- 
teria. A pattern of bacterial resistance to each of the amino- 
glycoside antibiotics, however, has developed as their clini- 
cal use has become more widespread. Consequently, there 
are bacterial strains resistant to streptomycin, kanamycin, 
and gentamicin. Strains carrying R factors for resistance to 
these antibiotics synthesize enzymes that are capable of 
acetylating, phosphorylating, or adenylylating key amino or 
hydroxyl groups of the aminoglycosides. Much of the recent 
effort in aminoglycoside research is directed toward identify- 
ing new, or modifying existing, antibiotics that are resistant 
to inactivation by bacterial enzymes. 

Resistance of individual aminoglycosides to specific 
inactivating enzymes can be understood, in large measure, 
by using chemical principles. First, one can assume that if 
the target functional group is absent in a position of the 
structure normally attacked by an inactivating enzyme, then 
the antibiotic will be resistant to the enzyme. Second, steric 
factors may confer resistance to attack at functionalities 
otherwise susceptible to enzymatic attack. For example, 
conversion of a primary amino group to a secondary amine 
inhibits N-acetylation by certain aminoglycoside acetyl 
transferases. At least nine different types of aminoglyco- 
side-inactivating enzymes have been identified and partially 
characterized. 108 The sites of attack of these enzymes and 
the biochemistry of the inactivation reactions is described 
briefly, using the kanamycin B structure (which holds the 
dubious distinction of being a substrate for all of the 
enzymes described) for illustrative purposes (Fig. 8.7). 

Aminoglycoside-inactivating enzymes include (a) 
aminoacetyltransferases (designated AAC), which acety- 
late the 6'-NH 2 of ring I, the 3-NH 2 of ring II, or the 2'- 
NH 2 of ring I; (b) phosphotransferases (designated APH), 
which phosphorylate the 3' -OH of ring I or the 2"-OH of 
ring III; and (c) nucleotidyltransferases (ANT), which 
adenylate the 2"-OH of ring III, the 4'-OH of ring I, or the 
4"-OH of ring III. 

The gentamicins and tobramycin lack a 3 '-hydroxyl 
group in ring I (see the section on the individual products for 
structures) and, consequently, are not inactivated by the 
phosphotransferase enzymes that phosphorylate that group 
in the kanamycins. Gentamicin Ci (but not gentamicins C] a 
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Figure 8.7 • Inactivation of 
kanamycin B by bacterial enzymes. 



or C2 or tobramycin) is resistant to the acetyltransferase that 
acetylates the 6 '-amino group in ring I of kanamycin B. All 
gentamicins are resistant to the nucleotidyltransferase en- 
zyme that adenylylates the secondary equatorial 4 "-hydroxyl 
group of kanamycin B because the 4 "-hydroxyl group in the 
gentamicins is tertiary and is oriented axially. Removal of 
functional groups susceptible to attacking an aminoglyco- 
side occasionally can lead to derivatives that resist enzy- 
matic inactivation and retain activity. For example, the 3 '- 
deoxy-, 4'-deoxy-, and 3 ',4'-dideoxykanamycins are more 
similar to the gentamicins and tobramycin in their patterns 
of activity against clinical isolates that resist one or more of 
the aminoglycoside-inactivating enzymes. 

The most significant breakthrough yet achieved in the 
search for aminoglycosides resistant to bacterial enzymes 
has been the development of amikacin, the 1- A f -L-(-)-amino- 
a-hydroxybutyric acid (l-AHBA) derivative of kanamycin 
A. This remarkable compound retains most of the intrinsic 
potency of kanamycin A and is resistant to virtually all 
aminoglycoside-inactivating enzymes known, except the 
aminoacetyltransferase that acetylates the 6 '-amino group 
and the nucleotidyltransferase that adenylylates the 4 '- 
hydroxyl group of ring 

L 108,109 The 

cause of amikacin's re- 
sistance to enzymatic inactivation is unknown, but it has 
been suggested that introduction of the L-AHBA group into 
kanamycin A markedly decreases its affinity for the inacti- 
vating enzymes. The importance of amikacin's resistance to 
enzymatic inactivation is reflected in the results of an inves- 
tigation on the comparative effectiveness of amikacin and 
other aminoglycosides against clinical isolates of bacterial 
strains known to be resistant to one or more of the amino- 
glycosides. 110 In this study, amikacin was effective against 
91% of the isolates (with a range of 87%-100%, depending 
on the species). Of the strains susceptible to other systemi- 
cally useful aminoglycosides, 18% were susceptible to 
kanamycin, 36% to gentamicin, and 41% to tobramycin. 

Low-level resistance associated with diminished amino- 
glycoside uptake has been observed in certain strains of P. 
aeruginosa isolated from nosocomial infections. 1 1 1 Bacterial 
susceptibility to aminoglycosides requires uptake of the drug 
by an energy-dependent active process. 112 Uptake is initi- 
ated by the binding of the cationic aminoglycoside to an- 
ionic phospholipids of the cell membrane. Electron trans- 
port-linked transfer of the aminoglycoside through the cell 
membrane then occurs. Divalent cations such as Ca 2+ and 



Mg antagonize the transport of aminoglycosides into bac- 
terial cells by interfering with their binding to cell membrane 
phospholipids. The resistance of anaerobic bacteria to the 
lethal action of the aminoglycosides is apparently because of 
the absence of the respiration-driven active-transport process 
for transporting the antibiotics. 

Structure-Activity Relationships 

Despite the complexity inherent in various aminoglycoside 
structures, some conclusions on SARs in this antibiotic class 
have been made. 113 Such conclusions have been formulated 
on the basis of comparisons of naturally occurring amino- 
glycoside structures, the results of selective semisynthetic 
modifications, and the elucidation of sites of inactivation by 
bacterial enzymes. It is convenient to discuss sequentially 
aminoglycoside SARs in terms of substituents in rings I, II, 
and III. 

Ring I is crucially important for characteristic broad- 
spectrum antibacterial activity, and it is the primary target 
for bacterial inactivating enzymes. Amino functions at 6 ' 
and 2' are particularly important as kanamycin B (6 '-amino, 
2'-amino) is more active than kanamycin A (6 '-amino, 2'- 
hydroxyl), which in turn is more active than kanamycin C 
(6'-hydroxyl, 2'-amino). Methylation at either the 6 '-carbon 
or the 6 '-amino positions does not lower appreciably anti- 
bacterial activity and confers resistance to enzymatic acety- 
lation of the 6 '-amino group. Removal of the 3 '-hydroxyl or 
the 4'-hydroxyl group or both in the kanamycins (e.g., 3 ',4'- 
dideoxykanamycin B or dibekacin) does not reduce antibac- 
terial potency. The gentamicins also lack oxygen functions 
at these positions, as do sisomicin and netilmicin, which 
also have a 4 ',5 '-double bond. None of these derivatives is 
inactivated by phosphotransferase enzymes that phosphory- 
late the 3 '-hydroxyl group. Evidently, the 3 '-phosphorylated 
derivatives have very low affinity for aminoglycoside-bind- 
ing sites in bacterial ribosomes. 

Few modifications of ring II (deoxystreptamine) func- 
tional groups are possible without appreciable loss of activ- 
ity in most of the aminoglycosides. The 1-amino group of 
kanamycin A can be acylated (e.g., amikacin), however, 
with activity largely retained. Netilmicin (1-A^-ethylsi- 
somicin) retains the antibacterial potency of sisomicin and is 
resistant to several additional bacteria-inactivating enzymes. 
2"-Ffydroxysisomicin is claimed to be resistant to bacterial 
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strains that adenylate the 2"-hydroxyl group of ring III, 
whereas 3-deaminosisomicin exhibits good activity against 
bacterial strains that elaborate 3-acetylating enzymes. 

Ring III functional groups appear to be somewhat less 
sensitive to structural changes than those of either ring I or 
ring II. Although the 2"-deoxygentamicins are signifi- 
cantly less active than their 2"-hydroxyl counterparts, the 
2"-amino derivatives (seldomycins) are highly active. The 
3"-amino group of gentamicins may be primary or second- 
ary with high antibacterial potency. Furthermore, the 4"- 
hydroxyl group may be axial or equatorial with little 
change in potency. 

Despite improvements in antibacterial potency and spec- 
trum among newer naturally occurring and semisynthetic 
aminoglycoside antibiotics, efforts to find agents with im- 
proved margins of safety have been disappointing. The po- 
tential for toxicity of these important chemotherapeutic 
agents continues to restrict their use largely to the hospital 
environment. 

The discovery of agents with higher potency/toxicity ra- 
tios remains an important goal of aminoglycoside research. 
In a now somewhat dated review, however, Price 114 ex- 
pressed doubt that many significant clinical breakthroughs 
in aminoglycoside research would occur in the future. 

Products 

Streptomycin Sulfate, Sterile 

Streptomycin sulfate is a white, odorless powder that is hy- 
groscopic but stable toward light and air. It is freely soluble 
in water, forming solutions that are slightly acidic or nearly 
neutral. It is very slightly soluble in alcohol and is insoluble 
in most other organic solvents. Acid hydrolysis yields strep- 
tidine and streptobiosamine, the compound that is a combi- 
nation of L-streptose and A^-methyl-L-glucosamine. 



NHo 
7 

HN^NH 




Streptomycin acts as a triacidic base through the effect 
of its two strongly basic guanidino groups and the more 
weakly basic methylamino group. Aqueous solutions may 
be stored at room temperature for 1 week without any loss 
of potency, but they are most stable if the pH is between 4.5 
and 7.0. The solutions decompose if sterilized by heating, 
so sterile solutions are prepared by adding sterile distilled 
water to the sterile powder. The early salts of streptomycin 
contained impurities that were difficult to remove and 
caused a histamine-like reaction. By forming a complex 
with calcium chloride, it was possible to free the strepto- 
mycin from these impurities and to obtain a product that 
was generally well tolerated. 

The organism that produces streptomycin, S. griseus, also 
produces several other antibiotic compounds: hydroxystrep- 
tomycin, mannisidostreptomycin, and cycloheximide (q.v.). 



Chapter 8 # Antibacterial Antibiotics 297 

Of these, only cycloheximide has achieved importance as a 
medicinally useful substance. The term streptomycin A has 
been used to refer to what is commonly called streptomycin, 
and mannisidostreptomycin has been called streptomycin B. 
Hydroxystreptomycin differs from streptomycin in having a 
hydroxyl group in place of one of the hydrogen atoms of the 
streptose methyl group. Mannisidostreptomycin has a man- 
nose residue attached in glycosidic linkage through the hy- 
droxyl group at C-4 of the A'-methyl-L-glucosamine moiety. 
The work of Dyer et al. 1 151 16 to establish the stereochemical 
structure of streptomycin has been completed, and confirmed 
with the total synthesis of streptomycin and dihydrostrepto- 
mycin by Japanese scientists. 1 17 

Clinically, a problem that sometimes occurs with the use 
of streptomycin is the early development of resistant strains 
of bacteria, necessitating a change in therapy. Other factors 
that limit the therapeutic use of streptomycin are chronic 
toxicities. Neurotoxic reactions have been observed after the 
use of streptomycin. These are characterized by vertigo, dis- 
turbance of equilibrium, and diminished auditory percep- 
tion. Additionally, nephrotoxicity occurs with some fre- 
quency. Patients undergoing therapy with streptomycin 
should have frequent checks of renal monitoring parame- 
ters. Chronic toxicity reactions may or may not be re- 
versible. Minor toxic effects include rashes, mild malaise, 
muscular pains, and drug fever. 

As a chemotherapeutic agent, streptomycin is active 
against numerous Gram-negative and Gram-positive bacte- 
ria. One of the greatest virtues of streptomycin is its effec- 
tiveness against the tubercle bacillus, M. tuberculosis. By it- 
self, the antibiotic is not a cure, but it is a valuable adjunct 
to other treatment modalities for TB. The greatest drawback 
to the use of streptomycin is the rather rapid development of 
resistant strains of microorganisms. In infections that may 
be because of bacteria sensitive to both streptomycin and 
penicillin, the combined administration of the two antibi- 
otics has been advocated. The possible development of dam- 
age to the otic nerve by the continued use of streptomycin- 
containing preparations has discouraged the use of such 
products. There has been an increasing tendency to reserve 
streptomycin products for the treatment of TB. It remains 
one of the agents of choice, however, for the treatment of 
certain "occupational" bacterial infections, such as brucel- 
losis, tularemia, bubonic plague, and glanders. Because 
streptomycin is not absorbed when given orally or destroyed 
significantly in the GI tract, at one time it was used rather 
widely in the treatment of infections of the intestinal tract. 
For systemic action, streptomycin usually is given by intra- 
muscular injection. 

Neomycin Sulfate 

In a search for antibiotics less toxic than streptomycin, 
Waksman and Lechevalier 1 18 isolated neomycin (Mycifradin, 
Neobiotic) in 1949 from Streptomyces fradiae . Since then, the 
importance of neomycin has increased steadily, and today, it 
is considered one of the most useful antibiotics for the treat- 
ment of GI infections, dermatological infections, and acute 
bacterial peritonitis. Also, it is used in abdominal surgery to 
reduce or avoid complications caused by infections from bac- 
terial flora of the bowel. It has broad-spectrum activity 
against various organisms and shows a low incidence of toxic 
and hypersensitivity reactions. It is absorbed very slightly 
from the digestive tract, so its oral use ordinarily does not 
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produce any systemic effect. The development of neomycin- 
resistant strains of pathogens is rarely reported in those organ- 
isms against which neomycin is effective. 

Neomycin as the sulfate salt is a white to slightly yellow, 
crystalline powder that is very soluble in water. It is hygro- 
scopic and photosensitive (but stable over a wide pH range 
and to autoclaving). Neomycin sulfate contains the equiva- 
lent of 60% of the free base. 

Neomycin, as produced by S. fradiae, is a mixture of 
closely related substances. Included in the "neomycin com- 
plex" is neamine (originally designated neomycin A) and 
neomycins B and C. S. fradiae also elaborates another an- 
tibiotic, the fradicin, which has some antifungal properties 
but no antibacterial activity. This substance is not present in 
"pure" neomycin. 

The structures of neamine and neomycins B and C are 
known, and the absolute configurational structures of 
neamine and neomycin were reported by Hichens and 
Rinehart. 119 Neamine may be obtained by methanolysis of 
neomycins B and C, during which the glycosidic link between 
deoxystreptamine and D-ribose is broken. Therefore, neamine 
is a combination of deoxystreptamine and neosamine C, 
linked glycosidically (a) at the 4-position of deoxystrepta- 



mine. According to Hichens and Rinehart, neomycin B dif- 
fers from neomycin C by the nature of the sugar attached ter- 
minally to D-ribose. That sugar, called neosamine B, differs 
from neosamine C in its stereochemistry. Rinehart et al. 120 
have suggested that in neosamine the configuration is 2,6-di- 
amino-2,6-dideoxy-L-idose, in which the orientation of the 6- 
aminomethyl group is inverted to the 6-amino-6-deoxy- D- 
glucosamine in neosamine C. In both instances, the glycosidic 
links were assumed to be a. Huettenrauch 121 later suggested, 
however, that both of the diamino sugars in neomycin C have 
the D-glucose configuration and that the glycosidic link is f3 
in the one attached to D-ribose. The latter stereochemistry has 
been confirmed by the total synthesis of neomycin C. 122 

Paromomycin Sulfate 

The isolation of paromomycin (Humatin) was reported in 
1956 from a fermentation with a Streptomyces sp. (PD 
04998), a strain said to resemble S. rimosus very closely. 
The parent organism had been obtained from soil samples 
collected in Colombia. Paromomycin, however, more 
closely resembles neomycin and streptomycin in antibiotic 
activity than it does oxy tetracycline, the antibiotic obtained 
from S. rimosus. 
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The general structure of paromomycin was reported by 
Haskell et al. 123 as one compound. Subsequently, chromato- 
graphic determinations have shown paromomycin to consist 
of two fractions, paromomycin I and paromomycin II. The 
absolute configurational structures for the paromomycins, 
as shown in the structural formula, were suggested by 
Hichens and Rinehart 119 and confirmed by DeJongh et al. 124 
by mass spectrometric studies. The structure of paro- 
momycin is the same as that of neomycin B, except that 
paromomycin contains D-glucosamine instead of the 6- 
amino-6-deoxy-D-glucosamine found in neomycin B. The 
same structural relationship is found between paromomycin 
II and neomycin C. The combination of D-glucosamine and 
deoxystreptamine is obtained by partial hydrolysis of both 
paromomycins and is called paromamine [4-(2-amino-2- 
deoxy-a-4-glucosyl)deoxystreptamine]. 

Paromomycin has broad-spectrum antibacterial activity 
and has been used for the treatment of GI infections caused 
by Salmonella and Shigella spp., and enteropathogenic E. 
coli. Currently, however, its use is restricted largely to the 
treatment of intestinal amebiasis. Paromomycin is soluble in 
water and stable to heat over a wide pH range. 

Kanamycin Sulfate 

Kanamycin (Kantrex) was isolated in 1957 by Umezawa 
and coworkers 125 from Streptomyces kanamyceticus . Its ac- 
tivity against mycobacteria and many intestinal bacteria, as 
well as several pathogens that show resistance to other an- 
tibiotics, brought a great deal of attention to this antibiotic. 
As a result, kanamycin was tested and released for medical 
use in a very short time. 
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Research activity has been focused intensively on deter- 
mining the structures of the kanamycins. Chromatography 
showed that S. kanamyceticus elaborates three closely re- 
lated structures: kanamycins A, B, and C. Commercially 
available kanamycin is almost pure kanamycin A, the least 
toxic of the three forms. The kanamycins differ only in the 
sugar moieties attached to the glycosidic oxygen on the 4- 
position of the central deoxystreptamine. The absolute con- 
figuration of the deoxystreptamine in kanamycins reported 
by Tatsuoka et al. 126 is shown above. The chemical rela- 
tionships among the kanamycins, the neomycins, and the 
paromomycins were reported by Hichens and Rinehart. 119 
The kanamycins do not have the D-ribose molecule that is 
present in neomycins and paromomycins. Perhaps this 
structural difference is related to the lower toxicity ob- 
served with kanamycins. The kanosamine fragment linked 
glycosidically to the 6-position of deoxystreptamine is 3- 
amino-3-deoxy-D-glucose (3-D-glucosamine) in all three 
kanamycins. The structures of the kanamycins have been 
proved by total synthesis. 127,128 They differ in the substi- 
tuted D-glucoses attached glycosidically to the 4-position of 



the deoxystreptamine ring. Kanamycin A contains 6- 
amino-6-deoxy-D-glucose; kanamycin B contains 2,6-di- 
amino-2,6-dideoxy-D-glucose; and kanamycin C contains 
2-amino-2-deoxy-D-glucose (see preceding diagram). 

Kanamycin is basic and forms salts of acids through its 
amino groups. It is water soluble as the free base, but it is 
used in therapy as the sulfate salt, which is very soluble. It 
is stable to both heat and chemicals. Solutions resist both 
acids and alkali within the pH range of 2.0 to 1 1.0. Because 
of possible inactivation of either agent, kanamycin and peni- 
cillin salts should not be combined in the same solution. 

The use of kanamycin in the United States usually is re- 
stricted to infections of the intestinal tract (e.g., bacillary 
dysentery) and to systemic infections arising from Gram- 
negative bacilli (e.g., Klebsiella, Proteus, Enterobacter , and 
Serratia spp.) that have developed resistance to other antibi- 
otics. It has also been recommended for preoperative anti- 
sepsis of the bowel. It is absorbed poorly from the intestinal 
tract; consequently, systemic infections must be treated by 
intramuscular or (for serious infections) intravenous injec- 
tions. These injections are rather painful, and the concomi- 
tant use of a local anesthetic is indicated. The use of 
kanamycin in the treatment of TB has not been widely ad- 
vocated since the discovery that mycobacteria develop re- 
sistance very rapidly. In fact, both clinical experience and 
experimental work 129 indicate that kanamycin develops 
cross-resistance in the tubercle bacilli with dihydrostrepto- 
mycin, viomycin, and other antitubercular drugs. Like strep- 
tomycin, kanamycin may cause decreased or complete loss 
of hearing. On development of such symptoms, its use 
should be stopped immediately. 

Amikacin 

Amikacin, 1-A^-amino-a-hydroxybutyrylkanamycin A 
(Amikin), is a semisynthetic aminoglycoside first prepared 
in Japan. The synthesis formally involves simple acylation 
of the 1 -amino group of the deoxystreptamine ring of 
kanamycin A with L-AHBA. This particular acyl derivative 
retains about 50% of the original activity of kanamycin A 
against sensitive strains of Gram-negative bacilli. The L- 
AHBA derivative is much more active than the D-isomer. 130 
The remarkable feature of amikacin is that it resists attack 
by most bacteria-inactivating enzymes and, therefore, is ef- 
fective against strains of bacteria that are resistant to other 
aminoglycosides, 110 including gentamicin and tobramycin. 
In fact, it is resistant to all known aminoglycoside-inactivat- 
ing enzymes, except the aminotransferase that acetylates the 
6 'amino group 109 and the 4 '-nucleotidyl transferase that 
adenylylates the 4'-hydroxyl group of aminoglycosides. 10 

OH 

H0 YT"V T 2 .oh 

HO" oh 




H,N 



Preliminary studies indicate that amikacin may be less 
ototoxic than either kanamycin or gentamicin. 131 Higher 
dosages of amikacin are generally required, however, for the 
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treatment of most Gram-negative bacillary infections. For 
this reason, and to discourage the proliferation of bacterial 
strains resistant to it, amikacin currently is recommended for 
the treatment of serious infections caused by bacterial 
strains resistant to other aminoglycosides. 

Gentamicin Sulfate 

Gentamicin (Garamycin) was isolated in 1958 and reported in 
1963 by Weinstein et al. 132 to belong to the streptomycinoid 
(aminocyclitol) group of antibiotics. It is obtained commer- 
cially from Micromonospora purpurea . Like the other mem- 
bers of its group, it has a broad spectrum of activity against 
many common pathogens, both Gram-positive and Gram- 
negative. Of particular interest is its strong activity against 
P. aeruginosa and other Gram-negative enteric bacilli. 

Gentamicin is effective in the treatment of various skin in- 
fections for which a topical cream or ointment may be used. 
Because it offers no real advantage over topical neomycin in 
the treatment of all but pseudomonal infections, however, it 
is recommended that topical gentamicin be reserved for use 
in such infections and in the treatment of burns complicated 
by pseudomonemia. An injectable solution containing 40 mg 
of gentamicin sulfate per milliliter may be used for serious 
systemic and genitourinary tract infections caused by Gram- 
negative bacteria, particularly Pseudomonas, Enterobacter, 
and Serratia spp. Because of the development of strains of 
these bacterial species resistant to previously effective broad- 
spectrum antibiotics, gentamicin has been used for the treat- 
ment of hospital-acquired infections caused by such organ- 
isms. Resistant bacterial strains that inactivate gentamicin by 
adenylylation and acetylation, however, appear to be emerg- 
ing with increasing frequency. 




Gentamicin sulfate is a mixture of the salts of compounds 
identified as gentamicins Ci, C2, and Cj a . These gentamicins 
were reported by Cooper et al. 133 to have the structures 
shown in the diagram. The absolute stereochemistries of the 
sugar components and the geometries of the glycosidic link- 
ages have also been established. 134 

Coproduced, but not a part of the commercial product, 
are gentamicins A and B. Their structures were reported by 
Maehr and Schaffner 135 and are closely related to those of 
the gentamicins C. Although gentamicin molecules are sim- 
ilar in many ways to other aminocyclitols such as strepto- 
mycins, they are sufficiently different that their medical ef- 
fectiveness is significantly greater. Gentamicin sulfate is a 
white to buff substance that is soluble in water and insolu- 
ble in alcohol, acetone, and benzene. Its solutions are stable 
over a wide pH range and may be autoclaved. It is chemi- 
cally incompatible with carbenicillin, and the two should not 
be combined in the same intravenous solution. 

Tobramycin Sulfate 

Introduced in 1976, tobramycin sulfate (Nebcin) is the most 
active of the chemically related aminoglycosides called ne- 
bramycins obtained from a strain of Streptomyces tenebrar- 



ius. Five members of the nebramycin complex have been 
identified chemically. 136 
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Factors 4 and 4' are 6"-0-carbamoylkanamycin B and 
kanamycin B, respectively; factors 5 ' and 6 are 6"-<9-car- 
bamoyltobramycin and tobramycin; and factor 2 is 
apramycin, a tetracyclic aminoglycoside with an unusual bi- 
cyclic central ring structure. Kanamycin B and tobramycin 
probably do not occur in fermentation broths per se but are 
formed by hydrolysis of the 6- (/'-carbamoyl derivatives in 
the isolation procedure. 

The most important property of tobramycin is its activity 
against most strains of P. aeruginosa, exceeding that of gen- 
tamicin by twofold to fourfold. Some gentamicin-resistant 
strains of this troublesome organism are sensitive to to- 
bramycin, but others are resistant to both antibiotics. 137 Other 
Gram-negative bacilli and staphylococci are generally more 
sensitive to gentamicin. Tobramycin more closely resembles 
kanamycin B in structure (it is 3 '-deoxykanamycin B). 

Netilmicin Sulfate 

Netilmicin sulfate, 1-jV-ethylsisomicin (Netromycin), is a 
semisynthetic derivative prepared by reductive ethylation 138 
of sisomicin, an aminoglycoside antibiotic obtained from 
Micromonospora inyoensis. 139 Structurally, sisomicin and 
netilmicin resemble gentamicin C ]a , a component of the gen- 
tamicin complex. 
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Against most strains of Enterobacteriaceae, P. aerugi- 
nosa, and S. aureus, sisomicin and netilmicin are compara- 
ble to gentamicin in potency. 140 Netilmicin is active, how- 
ever, against many gentamicin-resistant strains, in particular 
among E. coli, Enterobacter, Klebsiella, and Citrobacter 
spp. A few strains of gentamicin-resistant P. aeruginosa, S. 
marcescens, and indole-positive Proteus spp. are also sensi- 
tive to netilmicin. Very few gentamicin-resistant bacterial 
strains are sensitive to sisomicin, however. The potency of 
netilmicin against certain gentamicin-resistant bacteria is at- 
tributed to its resistance to inactivation by bacterial enzymes 
that adenylylate or phosphorylate gentamicin and sisomicin. 
Evidently, the introduction of a 1 -ethyl group in sisomicin 
markedly decreases the affinity of these enzymes for 
the molecule in a manner similar to that observed in the 
l-7Y-£-amino-a-hydroxybutyryl amide of kanamycin A 
(amikacin). Netilmicin, however, is inactivated by most of 
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the bacterial enzymes that acetylate aminoglycosides, 
whereas amikacin is resistant to most of these enzymes. 

The pharmacokinetic and toxicological properties of 
netilmicin and gentamicin appear to be similar clinically, 
though animal studies have indicated greater nephrotoxicity 
for gentamicin. 

Sisomicin Sulfate 

Although sisomicin has been approved for human use in the 
United States, it has not been marketed in this country. Its 
antibacterial potency and effectiveness against aminoglyco- 
side-inactivating enzymes resemble those of gentamicin. 
Sisomicin also exhibits pharmacokinetics and pharmaco- 
logical properties similar to those of gentamicin. 




Spectinomycin Hydrochloride, Sterile 

The aminocyclitol antibiotic spectinomycin hydrochloride 
(Trobicin), isolated from Streptomyces spectabilis and 
once called actinospectocin, was first described by Lewis 
and Clapp. 141 Its structure and absolute stereochemistry 
have been confirmed by x-ray crystallography. 142 It occurs 
as the white, crystalline dihydrochloride pentahydrate, 
which is stable in the dry form and very soluble in water. 
Solutions of spectinomycin, a hemiacetal, slowly hy- 
drolyze on standing and should be prepared freshly and 
used within 24 hours. It is administered by deep intramus- 
cular injection. 




Spectinomycin is a broad- spectrum antibiotic with 
moderate activity against many Gram-positive and Gram- 
negative bacteria. It differs from streptomycin and the 
streptamine-containing aminoglycosides in chemical and an- 
tibacterial properties. Like streptomycin, spectinomycin 
interferes with the binding of transfer RNA (tRNA) to the ri- 
bosomes and thus with the initiation of protein synthesis. 
Unlike streptomycin or the streptamine-containing antibi- 
otics, however, it does not cause misreading of the mes- 
senger. Spectinomycin exerts a bacteriostatic action and is 
inferior to other aminoglycosides for most systemic infec- 
tions. Currently, it is recommended as an alternative to peni- 
cillin G salts for the treatment of uncomplicated gonorrhea. 
A cure rate of more than 90% has been observed in clinical 
studies for this indication. Many physicians prefer to use a 
tetracycline or erythromycin for prevention or treatment of 
suspected gonorrhea in penicillin-sensitive patients because, 
unlike these agents, spectinomycin is ineffective against 
syphilis. Furthermore, it is considerably more expensive than 
erythromycin and most of the tetracyclines. 
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O TETRACYCLINES 
Chemistry 

Among the most important broad-spectrum antibiotics are 
members of the tetracycline family. Nine such com- 
pounds — tetracycline, rolitetracycline, oxytetracycline, 
chlortetracycline, demeclocycline, meclocycline, methacy- 
cline, doxycycline, and minocycline — have been intro- 
duced into medical use. Several others possess antibiotic 
activity. The tetracyclines are obtained by fermentation 
procedures from Streptomyces spp. or by chemical transfor- 
mations of the natural products. Their chemical identities 
have been established by degradation studies and con- 
firmed by the synthesis of three members of the group, oxy- 
tetracycline, 143 ' 144 6-demethyl-6-deoxytetracycline, 145 and 
anhydrochlortetracycline, 146 in their (a) forms. The impor- 
tant members of the group are derivatives of an octahydron- 
aphthacene, a hydrocarbon system that comprises four 
annulated six-membered rings. The group name is derived 
from this tetracyclic system. The antibiotic spectra and 
chemical properties of these compounds are very similar 
but not identical. 

The stereochemistry of the tetracyclines is very com- 
plex. Carbon atoms 4, 4a, 5, 5a, 6, and 12a are potentially 
chiral, depending on substitution. Oxytetracycline and 
doxycycline, each with a 5a-hydroxyl substituent, have six 
asymmetric centers; the others, lacking chirality at C-5, 
have only five. Determination of the complete, absolute 
stereochemistry of the tetracyclines was a difficult prob- 
lem. Detailed x-ray diffraction analysis 147-149 established 
the stereochemical formula shown in Table 8.6 as the ori- 
entations found in the natural and semisynthetic tetra- 
cyclines. These studies also confirmed that conjugated 
systems exist in the structure from C-10 through C-12 and 
from C-l through C-3 and that the formula represents only 
one of several canonical forms existing in those portions of 
the molecule. 

Structure of the Tetracyclines 

The tetracyclines are amphoteric compounds, forming 
salts with either acids or bases. In neutral solutions, these 
substances exist mainly as zwitterions. The acid salts, 
which are formed through protonation of the enol group on 
C-2, exist as crystalline compounds that are very soluble in 
water. These amphoteric antibiotics will crystallize out of 
aqueous solutions of their salts, however, unless stabilized 
by an excess of acid. The hydrochloride salts are used most 
commonly for oral administration and usually are encapsu- 
lated because they are bitter. Water-soluble salts may be 
obtained also from bases, such as sodium or potassium hy- 
droxides, but they are not stable in aqueous solutions. 
Water-insoluble salts are formed with divalent and polyva- 
lent metals. 

The unusual structural groupings in the tetracyclines pro- 
duce three acidity constants in aqueous solutions of the acid 
salts (Table 8.7). The particular functional groups responsi- 
ble for each of the thermodynamic pK a values were deter- 
mined by Leeson et al. 150 as shown in the diagram that 
follows. These groupings had been identified previously by 
Stephens et al. 151 as the sites for protonation, but their ear- 
lier assignments, which produced the values responsible for 
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TABLE 8.6 Structures of Tetracyclines 
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pK a2 and pK a3 , were opposite those of Leeson et al. 150 This 
latter assignment has been substantiated by Rigler et al. 152 



CI 




The approximate pK a values for each of these groups in 
the six tetracycline salts in common use are shown (Table 
8.7). The values are taken from Stephens et al., 151 Benet and 
Goyan, 153 and Barringer et al. 154 The pK a of the 7-dimethyl- 
amino group of minocycline (not listed) is 5.0. 

An interesting property of the tetracyclines is their abil- 
ity to undergo epimerization at C-4 in solutions of interme- 
diate pH range. These isomers are called epitetracyclines . 



TABLE 8.7 pK a Values (of Hydrochlorides) in Aqueous 
Solution at 25°C 





PKa, 


pK a2 


pK a3 


Tetracycline 


3.3 


7.7 


9.5 


Chlortetracycline 


3.3 


7.4 


9.3 


Demeclocycline 


3.3 


7.2 


9.3 


Oxytetracycline 


3.3 


7.3 


9.1 


Doxycycline 


3.4 


7.7 


9.7 


Minocycline 


2.8 


7.8 


9.3 



Under acidic conditions, an equilibrium is established in 
about 1 day and consists of approximately equal amounts of 
the isomers. The partial structures below indicate the two 
forms of the epimeric pair. The 4-epitetracyclines have been 
isolated and characterized. They exhibit much less activity 
than the "natural" isomers, thus accounting for the de- 
creased therapeutic value of aged solutions. 




Epi Natural 

Strong acids and strong bases attack tetracyclines with a 
hydroxyl group on C-6, causing a loss in activity through 
modification of the C ring. Strong acids produce dehydra- 
tion through a reaction involving the 6-hydroxyl group and 
the 5a-hydrogen. The double bond thus formed between po- 
sitions 5a and 6 induces a shift in the position of the double 
bond between C-lla and C-12 to a position between C-ll 
and C-lla, forming the more energetically favored resonant 
system of the naphthalene group found in the inactive anhy- 
drotetracyclines. Bases promote a reaction between the 6- 
hydroxyl group and the ketone group at the 11 -position, 
causing the bond between the 11 and 11a atoms to cleave, 
forming the lactone ring found in the inactive isotetracy- 
cline. These two unfavorable reactions stimulated research 
that led to the development of the more stable and longer- 
acting compounds 6-deoxytetracycline, methacycline, 
doxycycline, and minocycline. 
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Stable chelate complexes are formed by the tetracyclines 
with many metals, including calcium, magnesium, and iron. 
Such chelates are usually very insoluble in water, account- 
ing for the impaired absorption of most (if not all) tetracy- 
clines in the presence of milk; calcium-, magnesium-, and 
aluminum-containing antacids; and iron salts. Soluble alka- 
linizers, such as sodium bicarbonate, also decrease the GI 
absorption of the tetracyclines. 155 Deprotonation of tetracy- 
clines to more ionic species and the observed instability of 
these products in alkaline solutions may account for this ob- 
servation. The affinity of tetracyclines for calcium causes 
them to be incorporated into newly forming bones and 
teeth as tetracycline-calcium orthophosphate complexes. 
Deposits of these antibiotics in teeth cause a yellow discol- 
oration that darkens (a photochemical reaction) over time. 
Tetracyclines are distributed into the milk of lactating moth- 
ers and will cross the placental barrier into the fetus. The 
possible effects of these agents on the bones and teeth of the 
child should be considered before their use during preg- 
nancy or in children younger than 8 years of age. 

Mechanism of Action and Resistance 

The strong binding properties of the tetracyclines with metal 
ions caused Albert 156 to suggest that their antibacterial prop- 
erties may be because of an ability to remove essential metal 
ions as chelated compounds. Elucidation of details of the 
mechanism of action of the tetracyclines, 157 however, has 
defined more clearly the specific roles of magnesium ions in 
molecular processes affected by these antibiotics in bacteria. 
Tetracyclines are specific inhibitors of bacterial protein syn- 
thesis. They bind to the 30S ribosomal subunit and, thereby, 
prevent the binding of aminoacyl tRNA to the mRNA-ribo- 
some complex. Both the binding of aminoacyl tRNA and the 
binding of tetracyclines at the ribosomal binding site require 
magnesium ions. 158 Tetracyclines also bind to mammalian 
ribosomes but with lower affinities, and they apparently do 
not achieve sufficient intracellular concentrations to inter- 
fere with protein synthesis. The selective toxicity of the 
tetracyclines toward bacteria depends strongly on the self- 
destructive capacity of bacterial cells to concentrate these 



agents in the cell. Tetracyclines enter bacterial cells by two 
processes: passive diffusion and active transport. The active 
uptake of tetracyclines by bacterial cells is an energy- 
dependent process that requires adenosine triphosphate 
(ATP) and magnesium ions. 159 

Three biochemically distinct mechanisms of resistance to 
tetracyclines have been described in bacteria 160 : (a) efflux 
mediated by transmembrane-spanning, active-transport pro- 
teins that reduces the intracellular tetracycline concentra- 
tion; (b) ribosomal protection, in which the bacterial protein 
synthesis apparatus is rendered resistant to the action of 
tetracyclines by an inducible cytoplasmic protein; and (c) 
enzymatic oxidation. Efflux mediated by plasmid or chro- 
mosomal protein determinants tet-A, -E, -G, -H, -K, and -L, 
and ribosomal protection mediated by the chromosomal pro- 
tein determinants tet-M, -O, and -S are the most frequently 
encountered and most clinically significant resistance mech- 
anisms for tetracyclines. 

Spectrum of Activity 

The tetracyclines have the broadest spectrum of activity of 
any known antibacterial agents. They are active against a 
wide range of Gram-positive and Gram-negative bacteria, 
spirochetes, mycoplasma, rickettsiae, and chlamydiae. Their 
potential indications are, therefore, numerous. Their bacterio- 
static action, however, is a disadvantage in the treatment of 
life-threatening infections such as septicemia, endocarditis, 
and meningitis; the aminoglycosides and/or cephalosporins 
usually are preferred for Gram-negative and the penicillins 
for Gram-positive infections. Because of incomplete absorp- 
tion and their effectiveness against the natural bacterial flora 
of the intestine, tetracyclines may induce superinfections 
caused by the pathogenic yeast Candida albicans. Resistance 
to tetracyclines among both Gram-positive and Gram-nega- 
tive bacteria is relatively common. Superinfections caused by 
resistant S. aureus and P. aeruginosa have resulted from the 
use of these agents over time. Parenteral tetracyclines may 
cause severe liver damage, especially when given in exces- 
sive dosage to pregnant women or to patients with impaired 
renal function. 
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Structure-Activity Relationships 

The large amount of research carried out to prepare semi- 
synthetic modifications of the tetracyclines and to obtain in- 
dividual compounds by total synthesis revealed several in- 
teresting SARs. Reviews are available that discuss SARs 
among the tetracyclines in detail, 161-163 their molecular and 
clinical properties, 164 and their synthesis and chemical prop- 
erties. 162163165166 Only a brief review of the salient struc- 
ture-activity features is presented here. All derivatives con- 
taining fewer than four rings are inactive or nearly inactive. 
The simplest tetracycline derivative that retains the charac- 
teristic broad-spectrum activity associated with this antibi- 
otic class is 6-demethyl-6-deoxytetracycline. Many of the 
precise structural features present in this molecule must re- 
main unmodified for derivatives to retain activity. The in- 
tegrity of substituents at carbon atoms 1, 2, 3, 4, 10, 11,1 la, 
and 12, representing the hydrophilic "southern and eastern" 
faces of the molecule, cannot be violated drastically without 
deleterious effects on the antimicrobial properties of the re- 
sulting derivatives. 

A-ring substituents can be modified only slightly without 
dramatic loss of antibacterial potency. The enolized tricar- 
bonylmethane system at C-l to C-3 must be intact for good 
activity. Replacement of the amide at C-2 with other func- 
tions (e.g., aldehyde or nitrile) reduces or abolishes activity. 
Monoalkylation of the amide nitrogen reduces activity pro- 
portionately to the size of the alkyl group. Aminoalkylation 
of the amide nitrogen, accomplished by the Mannich reac- 
tion, yields derivatives that are substantially more water sol- 
uble than the parent tetracycline and are hydrolyzed to it in 
vivo (e.g., rolitetracycline). The dimethylamino group at the 
4-position must have the a orientation: 4-epitetracyclines 
are very much less active than the natural isomers. Removal 
of the 4-dimethylamino group reduces activity even further. 
Activity is largely retained in the primary and /V-methyl sec- 
ondary amines but rapidly diminishes in the higher alkyl- 
amines. A cw-A/B-ring fusion with a /3-hydroxyl group at 
C-12a is apparently also essential. Esters of the C-12a hy- 
droxyl group are inactive, with the exception of the formyl 
ester, which readily hydrolyzes in aqueous solutions. 
Alkylation at C-l la also leads to inactive compounds, 
demonstrating the importance of an enolizable /3-diketone 
functionality at C-l 1 and C-l 2. The importance of the shape 
of the tetracyclic ring system is illustrated further by sub- 
stantial loss in antibacterial potency resulting from epimer- 
ization at C-5a. Dehydrogenation to form a double bond be- 
tween C-5a and C-l la markedly decreases activity, as does 
aromatization of ring C to form anhydrotetracyclines. 

In contrast, substituents at positions 5, 5a, 6, 7, 8, and 9, 
representing the largely hydrophobic "northern and west- 
ern" faces of the molecule, can be modified with varying de- 
grees of success, resulting in retention and, sometimes, im- 
provement of antibiotic activity. A 5-hydroxyl group, as in 
oxytetracycline and doxycycline, may influence pharmaco- 
kinetic properties but does not change antimicrobial activ- 
ity. 5a-Epitetracyclines (prepared by total synthesis), al- 
though highly active in vitro, are unfortunately much less 
impressive in vivo. Acid-stable 6-deoxytetracyclines and 6- 
demethyl-6-deoxytetracyclines have been used to prepare 
various monosubstituted and disubstituted derivatives by 
electrophilic substitution reactions at C-l and C-9 of the 
D ring. The more useful results have been achieved with the 
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introduction of substituents at C-l . Oddly, strongly electron- 
withdrawing groups (e.g., chloro [lortetracycline] and nitro) 
and strongly electron-donating groups (e.g., dimethylamino 
[minocycline]) enhance activity. This unusual circumstance 
is reflected in QS AR studies of 7- and 9-substituted tetracy- 
clines, 162 ' 167 which indicated a squared (parabolic) depen- 
dence on cr, Hammet's electronic substituent constant, and 
in vitro inhibition of an E. coli strain. The effect of introduc- 
ing substituents at C-8 has not been studied because this po- 
sition cannot be substituted directly by classic electrophilic 
aromatic substitution reactions; thus, 8-substituted deriva- 
tives are available only through total synthesis. 168 

The most fruitful site for semisynthetic modification of the 
tetracyclines has been the 6-position. Neither the 6 a-methyl 
nor the 6/3-hydroxyl group is essential for antibacterial activ- 
ity. In fact, doxycycline and methacycline are more active in 
vitro than their parent oxytetracycline against most bacterial 
strains. The conversion of oxytetracycline to doxycycline, 
which can be accomplished by reduction of methacycline, 169 
gives a 1:1 mixture of doxycycline and epidoxycycline 
(which has a /3-oriented methyl group); if the C-l la a-fluoro 
derivative of methacycline is used, the /3-methyl epimer is 
formed exclusively. 170 6-Epidoxycycline is much less active 
than doxycycline. 6-Demethyl-6-deoxytetracycline, synthe- 
sized commercially by catalytic hydrogenolysis of the 7- 
chloro and 6-hydroxyl groups of 7-chloro-6-demethyltetracy- 
cline, obtained by fermentation of a mutant strain of 
Streptomyces aureofaciens, 171 is slightly more potent than 
tetracycline. More successful from a clinical standpoint, how- 
ever, is 6-demethyl-6-deoxy-7-dimethylaminotetracycline 
(minocycline) 172 because of its activity against tetracycline- 
resistant bacterial strains. 

6-Deoxytetracyclines also possess important chemical 
and pharmacokinetic advantages over their 6-oxy counter- 
parts. Unlike the latter, they are incapable of forming anhy- 
drotetracyclines under acidic conditions because they cannot 
dehydrate at C-5a and C-6. They are also more stable in base 
because they do not readily undergo ^-ketone cleavage, fol- 
lowed by lactonization, to form isotetracyclines. Although it 
lacks a 6-hydroxyl group, methacycline shares the instability 
of the 6-oxytetracyclines in strongly acetic conditions. It suf- 
fers prototropic rearrangement to the anhydrotetracycline in 
acid but is stable to /3-ketone cleavage followed by lac- 
tonization to the isotetracycline in base. Reduction of the 6- 
hydroxyl group also dramatically changes the solubility 
properties of tetracyclines. This effect is reflected in signifi- 
cantly higher oil/water partition coefficients of the 6-de- 
oxytetracyclines than of the tetracyclines (Table 8.8). 173 ' 174 
The greater lipid solubility of the 6-deoxy compounds has 
important pharmacokinetic consequences. 162 164 Hence, 
doxycycline and minocycline are absorbed more completely 
following oral administration, exhibit higher fractions of 
plasma protein binding, and have higher volumes of distri- 
bution and lower renal clearance rates than the correspon- 
ding 6-oxytetracyclines. 

Polar substituents (i.e., hydroxyl groups) at C-5 and C-6 
decrease lipid versus water solubility of the tetracyclines. 
The 6-position is, however, considerably more sensitive 
than the 5-position to this effect. Thus, doxycycline (6- 
deoxy-5 -oxytetracycline) has a much higher partition coef- 
ficient than either tetracycline or oxytetracycline. Nonpolar 
substituents (those with positive cr values; see Chapter 2), 
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TABLE 8.8 Pharmacokinetic Properties 3 of Tetracyclines 



Tetracycline 


K pc Octanol/ 
Water 
pH 5.6 fa 


Absorbed 
Orally 

(%) 


Excreted 
in Feces 
(%) 


Excreted 
in Urine 
(%) 


Protein 
Bound 

(%) 


Volume of 
Distribution 
(% body 
weight) 


Renal 
Clearance 
(mL/min/ 
1.73 m 2 ) 


Half- 
life 
(h) 


Tetracycline 


0.056 


58 


20-50 


60 


24-65 


1 56-306 


50-80 


10 


Oxytetracycline 


0.075 


77-80 


50 


70 


20-35 


180-305 


99-102 


9 


Chlortetracycline 


0.41 


25-30 


>50 


18 


42-54 


149 


32 


7 


Demeclocycline 


0.25 


66 


23-72 


42 


68-77 


179 


35 


15 


Doxycycline 


0.95 


93 


20^0 


27-39 


60-91 


63 


18-28 


15 


Minocycline 


1.10 


100 


40 


5-11 


55-76 


74 


5-15 


19 



"Values taken from Brown, J. Ft., and Ireland, D. S.: Adv. Pharmacol. Chemother. 15:161, 1978. 
'Values taken from Colazzi, J. L, and Klink, P. R.: J. Pharm. Sci. 58:158, 1969. 



for example, 7-dimethylamino, 7-chloro, and 6-methyl, 
have the opposite effect. Accordingly, the partition coeffi- 
cient of chlortetracycline is substantially greater than that of 
tetracycline and slightly greater than that of demeclocycline. 
Interestingly, minocycline (5-demethyl-6-deoxy-7-dimethy- 
laminotetracycline) has the highest partition coefficient of 
the commonly used tetracyclines. 

The poorer oral absorption of the more water-soluble 
compounds tetracycline and oxytetracycline can be attributed 
to several factors. In addition to their comparative difficulty 
in penetrating lipid membranes, the polar tetracyclines prob- 
ably experience more complexation with metal ions in the gut 
and undergo some acid-catalyzed destruction in the stomach. 
Poorer oral absorption coupled with biliary excretion of some 
tetracyclines is also thought to cause a higher incidence of su- 
perinfections from resistant microbial strains. The more polar 
tetracyclines, however, are excreted in higher concentrations 
in the urine (e.g., 60% for tetracycline and 70% for oxytetra- 
cycline) than the more lipid-soluble compounds (e.g., 33% 
for doxycycline and only 11% for minocycline). Significant 
passive renal tubular reabsorption coupled with higher frac- 
tions of protein binding contributes to the lower renal clear- 
ance and longer durations of action of doxycycline and 
minocycline compared with those of the other tetracyclines, 
especially tetracycline and oxytetracycline. Minocycline also 
experiences significant A^-dealkylation catalyzed by cy- 
tochrome P450 oxygenases in the liver, which contributes to 
its comparatively low renal clearance. Although all tetracy- 
clines are distributed widely into tissues, the more polar ones 
have larger volumes of distribution than the nonpolar com- 
pounds. The more lipid-soluble tetracyclines, however, dis- 
tribute better to poorly vascularized tissue. It is also claimed 
that the distribution of doxycycline and minocycline into 
bone is less than that of other tetracyclines. 175 

Products 

Tetracycline 

Chemical studies on chlortetracycline revealed that con- 
trolled catalytic hydrogenolysis selectively removed the 7- 
chloro atom and so produced tetracycline (Achromycin, 
Cyclopar, Panmycin, Tetracyn). This process was patented 
by Conover 176 in 1955. Later, tetracycline was obtained 
from fermentations of Streptomyces spp., but the commer- 
cial supply still chiefly depends on hydrogenolysis of chlor- 
tetracycline. 

Tetracycline is 4-dimethyl amino- l,4,4a,5,5a,6, 11,12a- 
octahydro-3,6, 10, 12, 1 2a-pentahydroxy-6-methyl- 1,11- 



dioxo-2-naphthacenecarboxamide. It is a bright yellow, crys- 
talline salt that is stable in air but darkens on exposure to 
strong sunlight. Tetracycline is stable in acid solutions with 
a pH above 2. It is somewhat more stable in alkaline solu- 
tions than chlortetracycline, but like those of the other tetra- 
cyclines, such solutions rapidly lose potency. One gram of 
the base requires 2,500 mL of water and 50 mL of alcohol to 
dissolve it. The hydrochloride salt is used most commonly in 
medicine, though the free base is absorbed from the GI tract 
about equally well. One gram of the hydrochloride salt dis- 
solves in about 10 mL of water and in 100 mL of alcohol. 
Tetracycline has become the most popular antibiotic of its 
group, largely because its plasma concentration appears to be 
higher and more enduring than that of either oxytetracycline 
or chlortetracycline. Also, it is found in higher concentration 
in the spinal fluid than the other two compounds. 




Several combinations of tetracycline with agents that in- 
crease the rate and the height of plasma concentrations are 
on the market. One such adjuvant is magnesium chloride 
hexahydrate (Panmycin). Also, an insoluble tetracycline 
phosphate complex (Tetrex) is made by mixing a solution of 
tetracycline, usually as the hydrochloride, with a solution of 
sodium metaphosphate. There are various claims concern- 
ing the efficacy of these adjuvants. The mechanisms of their 
actions are not clear, but reportedly 177 ' 178 these agents en- 
hance plasma concentrations over those obtained when 
tetracycline hydrochloride alone is administered orally. 
Remmers et al. ' reported on the effects that selected 
aluminum-calcium gluconates complexed with some tetra- 
cyclines have on plasma concentrations when administered 
orally, intramuscularly, or intravenously. Such complexes 
enhanced plasma levels in dogs when injected but not when 
given orally. They also observed enhanced plasma levels in 
experimental animals when complexes of tetracyclines with 
aluminum metaphosphate, aluminum pyrophosphate, or alu- 
minum-calcium phosphinicodilactates were administered 
orally. As noted previously, the tetracyclines can form sta- 
ble chelate complexes with metal ions such as calcium and 
magnesium, which retard absorption from the GI tract. The 
complexity of the systems involved has not permitted 
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unequivocal substantiation of the idea that these adjuvants 
compete with the tetracyclines for substances in the alimen- 
tary tract that would otherwise be free to complex with these 
antibiotics and thereby retard their absorption. Certainly, 
there is no evidence that the metal ions per se act as buffers, 
an idea alluded to sometimes in the literature. 

Tetracycline hydrochloride is also available in ointments 
for topical and ophthalmic administration. A topical solu- 
tion is used for the management of acne vulgaris. 

Rolitetracycline 

Rolitetracycline, AKpyrrolidinomethyl)tetracycline 
(Syntetrin), was introduced for use by intramuscular or in- 
travenous injection. This derivative is made by condensing 
tetracycline with pyrrolidine and formaldehyde in the pres- 
ence of fert-butyl alcohol. It is very soluble in water (1 g dis- 
solves in about 1 mL) and provides a means of injecting the 
antibiotic in a small volume of solution. It has been recom- 
mended for cases when the oral dosage forms are not suit- 
able, but it is no longer widely used. 




Chlortetracycline Hydrochloride 

Chlortetracycline (Aureomycin hydrochloride) was isolated 
by Duggar 181 in 1948 from S. aureofaciens . This compound, 
which was produced in an extensive search for new antibi- 
otics, was the first of the group of highly successful tetracy- 
clines. It soon became established as a valuable antibiotic 
with broad-spectrum activities. 




OH 0 



It is used in medicine chiefly as the acid salt of the com- 
pound whose systematic chemical designation is 7-chloro-4- 
(dimethylamino)- 1 ,4,4a, 5, 5a, 6, 11,1 2a-octahydro-3,6, 10, 
12, 12a-pentahydroxy-6-methyl- 1 , 1 l-dioxo-2-naph- 
thacenecarboxamide. The hydrochloride salt is a crystalline 
powder with a bright yellow color, which suggested its 
brand name, Aureomycin. It is stable in air but slightly pho- 
tosensitive and should be protected from light. It is odorless 
and bitter. One gram of the hydrochloride salt will dissolve 
in about 75 mL of water, producing a pH of about 3. It is 
only slightly soluble in alcohol and practically insoluble in 
other organic solvents. 

Oral and parenteral forms of chlortetracycline are no 
longer used because of the poor bioavailability and inferior 
pharmacokinetic properties of the drag. It is still marketed in 
ointment forms for topical and ophthalmic use. 

Oxytetracycline Hydrochloride 

Early in 1950, Finlay et al. 182 reported the isolation of oxy- 
tetracycline (Terramycin) from S. rimosus. This compound 
was soon identified as a chemical analog of chlortetracy- 



cline that showed similar antibiotic properties. The structure 
of oxytetracycline was elucidated by Hochstein et al. 183 and 
this work provided the basis for the confirmation of the 
structure of the other tetracyclines. 
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Oxytetracycline hydrochloride is a pale yellow, bitter, 
crystalline compound. The amphoteric base is only slightly 
soluble in water and slightly soluble in alcohol. It is odorless 
and stable in air but darkens on exposure to strong sunlight. 
The hydrochloride salt is a stable yellow powder that is 
more bitter than the free base. It is much more soluble in 
water, 1 g dissolving in 2 mL, and more soluble in alcohol 
than the free base. Both compounds are inactivated rapidly 
by alkali hydroxides and by acid solutions below pH 2. Both 
forms of oxytetracycline are absorbed rapidly and equally 
well from the digestive tract, so the only real advantage the 
free base offers over the hydrochloride salt is that it is less 
bitter. Oxytetracycline hydrochloride is also used for par- 
enteral administration (intravenously and intramuscularly). 

Methacycline Hydrochloride 

The synthesis of methacycline, 6-deoxy-6-demethyl-6-meth- 
ylene-5-oxytetracycline hydrochloride (Rondomycin), re- 
ported by Blackwood et al. 184 in 1961, was accomplished by 
chemical modification of oxytetracycline. It has an antibiotic 
spectrum like that of the other tetracyclines but greater po- 
tency; about 600 mg of methacycline is equivalent to 1 g of 
tetracycline. Its particular value lies in its longer serum half- 
life; doses of 300 mg produce continuous serum antibacter- 
ial activity for 12 hours. Its toxic manifestations and con- 
traindications are similar to those of the other tetracyclines. 

HCI 
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The greater stability of methacycline, both in vivo and in 
vitro, results from modification at C-6. Removal of the 6- 
hydroxy group markedly increases the stability of ring C to 
both acids and bases, preventing the formation of isotetracy- 
clines by bases. Anhydrotetracyclines still can form, how- 
ever, by acid-catalyzed isomerization under strongly acidic 
conditions. Methacycline hydrochloride is a yellow to dark 
yellow, crystalline powder that is slightly soluble in water 
and insoluble in nonpolar solvents. It should be stored in 
tight, light-resistant containers in a cool place. 

Demeclocycline 

Demeclocycline, 7-chloro-6-demethyltetracycline (Declo- 
mycin), was isolated in 1957 by McCormick et al. 171 from a 
mutant strain of S. aureofaciens . Chemically, it is 7-chloro-4- 
(dimethylamino)l,4,4a,5,5a,6, 11, 12a-octahydro-3, 6, 10, 12, 
1 2a-pentahy droxy 1 , 11 -dioxo2-naphthacenecarboxamide. 
Thus, it differs from chlortetracycline only in the absence of 
the methyl group on C-6. 
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Demeclocycline is a yellow, crystalline powder that is 
odorless and bitter. It is sparingly soluble in water. A 1% so- 
lution has a pH of about 4.8. It has an antibiotic spectrum 
like that of other tetracyclines, but it is slightly more active 
than the others against most of the microorganisms for 
which they are used. This, together with its slower rate of 
elimination through the kidneys, makes demeclocycline as 
effective as the other tetracyclines, at about three fifths of 
the dose. Like the other tetracyclines, it may cause infre- 
quent photosensitivity reactions that produce erythema after 
exposure to sunlight. Demeclocycline may produce this re- 
action somewhat more frequently than the other tetracy- 
clines. The incidence of discoloration and mottling of the 
teeth in youths from demeclocycline appears to be as low as 
that from other tetracyclines. 

Meclocycline Subsalicylate 

Meclocycline, 7-chloro-6-deoxy-6-demethyl-6-methylene- 
5-oxytetracycline subsalicylate (Meclan), is a semisyn- 
thetic derivative prepared from oxytetracycline. 184 
Although meclocycline has been used in Europe for many 
years, it became available only relatively recently in the 
United States for a single therapeutic indication, the treat- 
ment of acne. It is available as the subsalicylate salt in a 
1% cream. 
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Meclocycline subsalicylate is a bright yellow, crys- 
talline powder that is slightly soluble in water and insoluble 
in organic solvents. It is light sensitive and should be stored 
in light-resistant containers. 

Doxycycline 

A more recent addition to the tetracycline group of antibi- 
otics available for antibacterial therapy is doxycycline, 
a-6-deoxy-5-oxytetracycline (Vibramycin), first reported 
by Stephens et al. 185 in 1958. It was obtained first in small 
yields by a chemical transformation of oxytetracycline, but 
it is now produced by catalytic hydrogenation of methacy- 
cline or by reduction of a benzyl mercaptan derivative of 
methacycline with Raney nickel. The latter process 
produces a nearly pure form of the 6 a-methyl epimer. The 
6a-methyl epimer is more than 3 times as active as its 
/3-epimer. 169 Apparently, the difference in orientation of the 
methyl groups, which slightly affects the shapes of the mol- 
ecules, causes a substantial difference in biological 



effect. Also, absence of the 6-hydroxyl group produces a 
compound that is very stable in acids and bases and that has 
a long biological half-life. In addition, it is absorbed very 
well from the GI tract, thus allowing a smaller dose to be ad- 
ministered. High tissue levels are obtained with it, and un- 
like other tetracyclines, doxycycline apparently does not ac- 
cumulate in patients with impaired renal function. 
Therefore, it is preferred for uremic patients with infections 
outside the urinary tract. Its low renal clearance may limit its 
effectiveness, however, in urinary tract infections. 
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Doxycycline is available as a hydrate salt, a hydrochlo- 
ride salt solvated as the hemiethanolate hemihydrate, and a 
monohydrate. The hydrate form is sparingly soluble in water 
and is used in a capsule; the monohydrate is water insoluble 
and is used for aqueous suspensions, which are stable for up 
to 2 weeks when kept in a cool place. 

Minocycline Hydrochloride 

Minocycline, 7-dimethylamino-6-demefhyl-6-deoxytetracy- 
cline (Minocin, Vectrin), the most potent tetracycline cur- 
rently used in therapy, is obtained by reductive methylation 
of 7-nitro-6-demethyl-6-deoxy tetracycline. 172 It was re- 
leased for use in the United States in 1971. Because minocy- 
cline, like doxycycline, lacks the 6-hydroxyl group, it is sta- 
ble in acids and does not dehydrate or rearrange to anhydro 
or lactone forms. Minocycline is well absorbed orally to 
give high plasma and tissue levels. It has a very long serum 
half-life, resulting from slow urinary excretion and moder- 
ate protein binding. Doxycycline and minocycline, along 
with oxytetracycline, show the least in vitro calcium binding 
of the clinically available tetracyclines. The improved distri- 
bution properties of the 6-deoxytetracyclines have been at- 
tributed to greater lipid solubility. 




Perhaps the most outstanding property of minocycline 
is its activity toward Gram-positive bacteria, especially 
staphylococci and streptococci. In fact, minocycline has 
been effective against staphylococcal strains that are re- 
sistant to methicillin and all other tetracyclines, including 
doxycycline. 186 Although it is doubtful that minocycline 
will replace bactericidal agents for the treatment of life- 
threatening staphylococcal infections, it may become a 
useful alternative for the treatment of less serious tissue 
infections. Minocycline has been recommended for the 
treatment of chronic bronchitis and other upper respira- 
tory tract infections. Despite its relatively low renal clear- 
ance, partially compensated for by high serum and tissue 
levels, it has been recommended for the treatment of 
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urinary tract infections. It has been effective in the eradi- 
cation of N. meningitidis in asymptomatic carriers. 

NEWER TETRACYCLINES 

The remarkably broad spectrum of antimicrobial activity 
of the tetracyclines notwithstanding, the widespread emer- 
gence of bacterial genes and plasmids encoding tetracy- 
cline resistance has increasingly imposed limitations on 
the clinical applications of this antibiotic class in recent 
years. 164 This situation has prompted researchers at 
Lederle Laboratories to reinvestigate SARs of tetracy- 
clines substituted in the aromatic (D) ring in an effort to 
discover analogs that might be effective against resistant 
strains. As a result of these efforts, the glycylcyclines, 
a class of 9-dimethylglycylamino-(DMG)-substituted 
tetracyclines exemplified by DMG-minocycline (DMG- 
MINO), and DMG-6-methyl-6-deoxytetracycline (DMG- 
DMDOT) were discovered. 187-189 

The first of these to be marketed was tigecycline. 




The glycylcyclines retain the broad spectrum of activity 
and potency exhibited by the original tetracyclines against 
tetracycline-sensitive microbial strains and are highly active 
against bacterial strains that exhibit tetracycline resistance 
mediated by efflux or ribosomal protection determinants. If 
ongoing clinical evaluations of the glycylcyclines establish 
favorable toxicological and pharmacokinetic profiles for 
these compounds, a new class of "second-generation" tetra- 
cyclines could be launched. 

O MACROLIDES 

Among the many antibiotics isolated from the actinomycetes 
is the group of chemically related compounds called the 
macrolides. In 1950, picromycin, the first of this group to be 
identified as a macrolide compound, was first reported. In 
1952, erythromycin and carbomycin were reported as new an- 
tibiotics, and they were followed in subsequent years by other 
macrolides. Currently, more than 40 such compounds are 
known, and new ones are likely to appear in the future. Of all 
of these, only two, erythromycin and oleandomycin, have been 
available consistently for medical use in the United States. In 
recent years, interest has shifted away from novel macrolides 
isolated from soil samples (e.g., spiramycin, josamycin, and 
rosamicin), all of which thus far have proved to be clinically 
inferior to erythromycin and semisynthetic derivatives of 
erythromycin (e.g., clarithromycin and azithromycin), which 
have superior pharmacokinetic properties because of their en- 
hanced acid stability and improved distribution properties. 
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X= N(CH 3 ) 2 9-(Dimethylglycylamino)minocycline (DMG-MINO) 

X = H 9-(Dimethylglycylamino)-6-demethyl-6-deoxytetracycline (DMG-DMDOT) 
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Chemistry 

The macrolide antibiotics have three common chemical 
characteristics: (a) a large lactone ring (which prompted the 
name macrolide), (b) a ketone group, and (c) a glycosidi- 
cally linked amino sugar. Usually, the lactone ring has 12, 
14, or 16 atoms in it, and it is often unsaturated, with an 
olefinic group conjugated with the ketone function. (The 
polyene macrocyclic lactones, such as natamycin and am- 
photericin B; the ansamycins, such as rifampin; and the 
polypeptide lactones generally are not included among 
the macrolide antibiotics.) They may have, in addition to 
the amino sugar, a neutral sugar that is linked glycosidi- 
cally to the lactone ring (see discussion that follows under 
"Erythromycin"). Because of the dimethylamino group on 
the sugar moiety, the macrolides are bases that form salts 
with pK a values between 6.0 and 9.0. This feature has been 
used to make clinically useful salts. The free bases are only 
slightly soluble in water but dissolve in somewhat polar or- 
ganic solvents. They are stable in aqueous solutions at or 
below room temperature but are inactivated by acids, bases, 
and heat. The chemistry of macrolide antibiotics has been 
the subject of several reviews. 19CU91 

Mechanism of Action and Resistance 

Some details of the mechanism of antibacterial action of 
erythromycin are known. It binds selectively to a specific 
site on the 50S ribosomal subunit to prevent the transloca- 
tion step of bacterial protein synthesis. 192 It does not bind to 
mammalian ribosomes. Broadly based, nonspecific resist- 
ance to the antibacterial action of erythromycin among 
many species of Gram-negative bacilli appears to be largely 
related to the inability of the antibiotic to penetrate the cell 
walls of these organisms. 193 In fact, the sensitivities of 
members of the Enterobacteriaceae family are pH depend- 
ent, with MICs decreasing as a function of increasing pH. 
Furthermore, protoplasts from Gram-negative bacilli, which 
lack cell walls, are sensitive to erythromycin. A highly spe- 
cific resistance mechanism to the macrolide antibiotics oc- 
curs in erythromycin-resistant strains of S. aureus} 9 *' 195 
Such strains produce an enzyme that methylates a specific 
adenine residue at the erythromycin-binding site of the bac- 
terial 50S ribosomal subunit. The methylated ribosomal 
RNA remains active in protein synthesis but no longer binds 
erythromycin. Bacterial resistance to the lincomycins appar- 
ently also occurs by this mechanism. 

Spectrum of Activity 

The spectrum of antibacterial activity of the more potent 
macrolides, such as erythromycin, resembles that of peni- 
cillin. They are frequently active against bacterial strains 
that are resistant to the penicillins. The macrolides are 
generally effective against most species of Gram-positive 
bacteria, both cocci and bacilli, and exhibit useful effective- 
ness against Gram-negative cocci, especially Neisseria 
spp. Many of the macrolides are also effective against 
Treponema pallidum. In contrast to penicillin, macrolides 
are also effective against Mycoplasma, Chlamydia, 
Campylobacter, and Legionella spp. Their activity against 
most species of Gram-negative bacilli is generally low and 
often unpredictable, though some strains of H. influenzae 
and Brucella spp. are sensitive. 
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Products 

Erythromycin 

Early in 1952, McGuire et al. 196 reported the isolation of 
erythromycin (E-Mycin, Erythrocin, Ilotycin) from 
Streptomyces erythraeus. It achieved rapid early acceptance 
as a well-tolerated antibiotic of value for the treatment of 
various upper respiratory and soft-tissue infections caused 
by Gram-positive bacteria. It is also effective against many 
venereal diseases, including gonorrhea and syphilis, and 
provides a useful alternative for the treatment of many in- 
fections in patients allergic to penicillins. More recently, 
erythromycin was shown to be effective therapy for Eaton 
agent pneumonia (Mycoplasma pneumoniae), venereal dis- 
eases caused by Chlamydia, bacterial enteritis caused by 
Campylobacter jejuni, and Legionnaires disease. 



O 
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The commercial product is erythromycin A, which 
differs from its biosynthetic precursor, erythromycin B, 
in having a hydroxy 1 group at the 12-position of the 
aglycone. The chemical structure of erythromycin A was re- 
ported by Wiley et al. 197 in 1957 and its stereochemistry by 
Celmer 198 in 1965. An elegant synthesis of erythronolide A, 
the aglycone present in erythromycin A, was described by 
Corey et al. 199 

The amino sugar attached through a glycosidic link to C- 
5 is desosamine, a structure found in several other macrolide 
antibiotics. The tertiary amine of desosamine (3,4,6- 
trideoxy-3-dimethylamino-D-xy/o-hexose) confers a basic 
character to erythromycin and provides the means by which 
acid salts may be prepared. The other carbohydrate structure 
linked as a glycoside to C-3 is called cladinose (2,3,6- 
trideoxy-3-methoxy-3-C-methyl-L-r('bo-hexose) and is 
unique to the erythromycin molecule. 

As is common with other macrolide antibiotics, com- 
pounds closely related to erythromycin have been obtained 
from culture filtrates of S. erythraeus. Two such analogs 
have been found, erythromycins B and C. Erythromycin B 
differs from erythromycin A only at C-12, at which a hydro- 
gen has replaced the hydroxy 1 group. The B analog is more 
acid stable but has only about 80% of the activity of eryth- 
romycin. The C analog differs from erythromycin by the 
replacement of the methoxyl group on the cladinose moiety 
with a hydrogen atom. It appears to be as active as erythro- 
mycin but is present in very small amounts in fermentation 
liquors. 

Erythromycin is a very bitter, white or yellow-white, 
crystalline powder. It is soluble in alcohol and in the other 
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common organic solvents but only slightly soluble in water. 
The free base has a pK a of 8.8. Saturated aqueous solutions 
develop an alkaline pH in the range of 8.0 to 10.5. It is 
extremely unstable at a pH of 4 or below. The optimum pH 
for stability of erythromycin is at or near neutrality. 

Erythromycin may be used as the free base in oral 
dosage forms and for topical administration. To overcome 
its bitterness and irregular oral absorption (resulting from 
acid destruction and adsorption onto food), various enteric- 
coated and delayed-release dose forms of erythromycin 
base have been developed. These forms have been fully 
successful in overcoming the bitterness but have solved 
only marginally problems of oral absorption. Erythromycin 
has been chemically modified with primarily two different 
goals in mind: (a) to increase either its water or its lipid sol- 
ubility for parenteral dosage forms and (b) to increase its 
acid stability (and possibly its lipid solubility) for im- 
proved oral absorption. Modified derivatives of the antibi- 
otic are of two types: acid salts of the dimethylamino group 
of the desosamine moiety (e.g., the glucoheptonate, the lac- 
tobionate, and the stearate) and esters of the 2 '-hydroxyl 
group of the desosamine (e.g., the ethylsuccinate and the 
propionate, available as the lauryl sulfate salt and known as 
the estolate). 

The stearate salt and the ethylsuccinate and propionate 
esters are used in oral dose forms intended to improve ab- 
sorption of the antibiotic. The stearate releases erythromy- 
cin base in the intestinal tract, which is then absorbed. The 
ethylsuccinate and the estolate are absorbed largely intact 
and are hydrolyzed partially by plasma and tissue esterases 
to give free erythromycin. The question of bioavailability of 
the antibiotic from its various oral dosage and chemical 
forms has caused considerable concern and dispute over the 
past two decades. 200-205 It is generally believed that the 2'- 
esters per se have little or no intrinsic antibacterial activ- 
ity 206 and, therefore, must be hydrolyzed to the parent 
antibiotic in vivo. Although the ethylsuccinate is hydrolyzed 
more efficiently than the estolate in vivo and, in fact, pro- 
vides higher levels of erythromycin following intramuscular 
administration, an equal dose of the estolate gives higher 
levels of the free antibiotic following oral administra- 
tion. 201 ' 205 Superior oral absorption of the estolate is attrib- 
uted to its both greater acid stability and higher intrinsic 
absorption than the ethylsuccinate. Also, oral absorption of 
the estolate, unlike that of both the stearate and the ethylsuc- 
cinate, is not affected by food or fluid volume content of the 
gut. Superior bioavailability of active antibiotic from oral 
administration of the estolate over the ethylsuccinate, 
stearate, or erythromycin base cannot necessarily be as- 
sumed, however, because the estolate is more extensively 
protein bound than erythromycin itself. 207 Measured frac- 
tions of plasma protein binding for erythromycin-2 '-propi- 
onate and erythromycin base range from 0.94 to 0.98 for the 
former and from 0.73 to 0.90 for the latter, indicating a 
much higher level of free erythromycin in the plasma. 
Bioavailability studies comparing equivalent doses of the 
enteric-coated base, the stearate salt, the ethylsuccinate 
ester, and the estolate ester in human volunteers 203 ' 204 
showed delayed but slightly higher bioavailability for the 
free base than for the stearate, ethylsuccinate, or estolate. 

One study, comparing the clinical effectiveness of rec- 
ommended doses of the stearate, estolate, ethylsuccinate, 
and free base in the treatment of respiratory tract infections, 



failed to demonstrate substantial differences among them. 
Two other clinical studies, comparing the effectiveness of 
the ethylsuccinate and the estolate in the treatment of 
streptococcal pharyngitis, however, found the estolate to be 

209 210 

superior. • 

The water-insoluble ethylsuccinate ester is also available 
as a suspension for intramuscular injection. The gluco- 
heptonate and lactobionate salts, however, are highly water- 
soluble derivatives that provide high plasma levels of the 
active antibiotic immediately after intravenous injection. 
Aqueous solutions of these salts may also be administered 
by intramuscular injection, but this is not a common 
practice. 

Erythromycin is distributed throughout the body water. 
It persists in tissues longer than in the blood. The antibiotic 
is concentrated by the liver and excreted extensively into 
the bile. Large amounts are excreted in the feces, partly be- 
cause of poor oral absorption and partly because of biliary 
excretion. The serum half-life is 1.4 hours. Some cy- 
tochrome P450-catalyzed oxidative demethylation to a less 
active metabolite may also occur. Erythromycin inhibits 
cytochrome P450-requiring oxidases, leading to various 
potential drug interactions. Thus, toxic effects of theo- 
phylline, the hydroxycoumarin anticoagulants, the benzodi- 
azepines alprazolam and midazolam, carbamazepine, cy- 
closporine, and the antihistaminic drugs terfenadine and 
astemizole may be potentiated by erythromycin. 

The toxicity of erythromycin is comparatively low. 
Primary adverse reactions to the antibiotic are related to its 
actions on the GI tract and the liver. Erythromycin may 
stimulate GI motility following either oral or parenteral ad- 
ministration. 211 This dose-related, prokinetic effect can 
cause abdominal cramps, epigastric distress, and diarrhea, 
especially in children and young adults. Cholestatic hepati- 
tis occurs occasionally with erythromycin, usually in adults 
and more frequently with the estolate. 

Erythromycin Stearate 

Erythromycin stearate (Ethril, Wyamycin S, Erypar) is the 
stearic acid salt of erythromycin. Like erythromycin base, 
the stearate is acid labile. It is film coated to protect it from 
acid degradation in the stomach. In the alkaline pH of the 
duodenum, the free base is liberated from the stearate 
and absorbed. Erythromycin stearate is a crystalline powder 
that is practically insoluble in water but soluble in alcohol 
and ether. 
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Erythromycin Ethylsuccinate 

Erythromycin ethylsuccinate (EES, Pediamycin, EryPed) is 
the ethylsuccinate mixed ester of erythromycin in which the 
2'-hydroxyl group of the desosamine is esterified. It is 
absorbed as the ester and hydrolyzed slowly in the body to 
form erythromycin. It is somewhat acid labile, and its 
absorption is enhanced by the presence of food. The ester is 
insoluble in water but soluble in alcohol and ether. 




Erythromycin Estolate 

Erythromycin estolate, erythromycin propionate lauryl sul- 
fate (Ilosone), is the lauryl sulfate salt of the 2 '-propionate 
ester of erythromycin. Erythromycin estolate is acid stable 
and absorbed as the propionate ester. The ester undergoes 
slow hydrolysis in vivo. Only the free base binds to bacte- 
rial ribosomes. Some evidence, however, suggests that the 
ester is taken up by bacterial cells more rapidly than the 
free base and undergoes hydrolysis by bacterial esterases 
within the cells. The incidence of cholestatic hepatitis is re- 
portedly higher with the estolate than with other erythromy- 
cin preparations. 

Erythromycin estolate occurs as long needles that are 
sparingly soluble in water but soluble in organic solvents. 




Erythromycin Gluceptate, Sterile 

Erythromycin gluceptate, erythromycin glucoheptonate 
(Ilotycin Gluceptate), is the glucoheptonic acid salt of 
erythromycin. It is a crystalline substance that is freely 
soluble in water and practically insoluble in organic sol- 
vents. Erythromycin gluceptate is intended for intravenous 



administration for the treatment of serious infections, 
such as Legionnaires disease, or when oral administration 
is not possible. Solutions are stable for 1 week when 
refrigerated. 





Erythromycin Lactobionate 

Erythromycin lactobionate is a water-soluble salt prepared 
by reacting erythromycin base with lactobiono- cr-lactone. It 
occurs as an amorphous powder that is freely soluble in 
water and alcohol and slightly soluble in ether. It is in- 
tended, after reconstitution in sterile water, for intravenous 
administration to achieve high plasma levels in the treat- 
ment of serious infections. 
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Clarithromycin 

Clarithromycin (Biaxin) is the 6-methyl ether of erythromy- 
cin. The simple methylation of the 6-hydroxyl group of 
erythromycin creates a semisynthetic derivative that fully 
retains the antibacterial properties of the parent antibiotic, 
with markedly increased acid stability and oral bioavailabil- 
ity and reduced GI side effects associated with erythromy- 
cin. 212 Acid-catalyzed dehydration of erythromycin in the 
stomach initiates as a sequence of reactions, beginning with 
A 6 ' 7 -bond migration followed by formation of an 8,9-anhy- 
dro-6,9-hemiketal and terminating in a 6,9:9,12-spiroketal. 
Since neither the hemiketal nor the spiroketal exhibits sig- 
nificant antibacterial activity, unprotected erythromycin is 
inactivated substantially in the stomach. Furthermore, evi- 
dence suggests that the hemiketal may be largely responsi- 
ble for the GI (prokinetic) adverse effects associated with 
oral erythromycin. 



Dr. Murtadha Alshareifi e-Library 



312 Wilson and Gisvold's Textbook of Organic Medicinal and Pharmaceutical Chemistry 



o 




OH 



Clarithromycin is well absorbed following oral adminis- 
tration. Its oral bioavailability is estimated to be 50% to 
55%. The presence of food does not significantly affect its 
absorption. Extensive metabolism of clarithromycin by 
oxidation and hydrolysis occurs in the liver. The major 
metabolite is the 14-hydroxyl derivative, which retains anti- 
bacterial activity. The amount of clarithromycin excreted in 
the urine ranges from 20% to 30%, depending on the dose, 
whereas 10% to 15% of the 14-hydroxy metabolite is ex- 
creted in the urine. Biliary excretion of clarithromycin is 
much lower than that of erythromycin. Clarithromycin is 
widely distributed into the tissues, which retain much higher 
concentrations than the plasma. Protein-binding fractions in 
the plasma range from 65% to 70%. The plasma half-life of 
clarithromycin is 4.3 hours. 

Some of the microbiological properties of clarithromycin 
also appear to be superior to those of erythromycin. It ex- 
hibits greater potency against M. pneumoniae, Legionella 
spp., Chlamydia pneumoniae, H. influenzae, and M. ca- 
tarrhalis than does erythromycin. Clarithromycin also has 
activity against unusual pathogens such as Borrelia burgdor- 
feri (the cause of Lyme disease) and the Mycobacterium 
avium complex (MAC). Clarithromycin is significantly more 
active than erythromycin against group A streptococci, S. 
pneumoniae, and the viridans group of streptococci in vivo 
because of its superior oral bioavailability. Clarithromycin is, 
however, more expensive than erythromycin, which must be 
weighed against its potentially greater effectiveness. 

Adverse reactions to clarithromycin are rare. The most 
common complaints relate to GI symptoms, but these sel- 
dom require discontinuance of therapy. Clarithromycin, 
like erythromycin, inhibits cytochrome P450 oxidases and, 
thus, can potentiate the actions of drugs metabolized by 
these enzymes. 

Clarithromycin occurs as a white crystalline solid that is 
practically insoluble in water, sparingly soluble in alcohol, 
and freely soluble in acetone. It is provided as 250- and 500- 
mg oral tablets and as granules for the preparation of aque- 
ous oral suspensions containing 25 or 50 mg/mL. 

Azithromycin 

Azithromycin (Zithromax) is a semisynthetic derivative of 
erythromycin, prepared by Beckman rearrangement of the 
corresponding 6-oxime, followed by A'-methylation and re- 
duction of the resulting ring-expanded lactam. It is a proto- 
type of a series of nitrogen-containing, 15-membered ring 
macrolides known as azalides. 213 Removal of the 9-keto 
group coupled with incorporation of a weakly basic tertiary 



amine nitrogen function into the macrolide ring increases 
the stability of azithromycin to acid-catalyzed degradation. 
These changes also increase the lipid solubility of the mole- 
cule, thereby conferring unique pharmacokinetic and micro- 
biological properties. 214 



\ 




The oral bioavailability of azithromycin is good, nearly 
40%, provided the antibiotic is administered at least 1 hour 
before or 2 hours after a meal. Food decreases its absorption 
by as much as 50%. The pharmacokinetics of azithromycin 
are characterized by rapid and extensive removal of the drug 
from the plasma into the tissues followed by a slow release. 
Tissue levels far exceed plasma concentrations, leading to a 
highly variable and prolonged elimination half-life of up to 
5 days. The fraction of azithromycin bound to plasma pro- 
teins is only about 50% and does not exert an important in- 
fluence on its distribution. Evidence indicates that 
azithromycin is largely excreted in the feces unchanged, 
with a small percentage appearing in the urine. Extensive 
enterohepatic recycling of the drug occurs. Azithromycin 
apparently is not metabolized to any significant extent. In 
contrast to the 14-membered ring macrolides, azithromycin 
does not significantly inhibit cytochrome P450 enzymes to 
create potential drug interactions. 

The spectrum of antimicrobial activity of azithromycin is 
similar to that observed for erythromycin and clar- 
ithromycin but with some interesting differences. In general, 
it is more active against Gram-negative bacteria and less ac- 
tive against Gram-positive bacteria than its close relatives. 
The greater activity of azithromycin against H. influenzae, 
M. catarrhalis, and M. pneumoniae coupled with its ex- 
tended half-life permits a 5-day dosing schedule for the 
treatment of respiratory tract infections caused by these 
pathogens. The clinical efficacy of azithromycin in the treat- 
ment of urogenital and other sexually transmitted infections 
caused by Chlamydia trachomatis, N. gonorrhoeae, H. 
ducreyi, and Ureaplasma urealyticum suggests that single- 
dose therapy with it for uncomplicated urethritis or cervici- 
tis may have advantages over use of other antibiotics. 

Dirithromycin 

Dirithromycin (Dynabac) is a more lipid-soluble prodrug de- 
rivative of 9S-erythromycyclamine prepared by condensa- 
tion of the latter with 2-(2-methoxyethoxy)acetaldehyde. 215 
The 9N, 1 l(9-oxazine ring thus formed is a hemi-aminal that 
is unstable under both acidic and alkaline aqueous conditions 
and undergoes spontaneous hydrolysis to form erythromycy- 
clamine. Erythromycyclamine is a semisynthetic derivative 
of erythromycin in which the 9-keto group of the erythrono- 
lide ring has been converted to an amino group. 
Erythromycyclamine retains the antibacterial properties of 
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erythromycin in vitro but exhibits poor bioavailability 
following oral administration. The prodrug, dirithromycin, 
is provided as enteric-coated tablets to protect it from acid- 
catalyzed hydrolysis in the stomach. 
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Orally administered dirithromycin is absorbed rapidly into 
the plasma, largely from the small intestine. Spontaneous 
hydrolysis to erythromycyclamine occurs in the plasma. Oral 
bioavailability is estimated to be about 10%, but food does 
not affect absorption of the prodrug. 

The low plasma levels and large volume of distribution 
of erythromycyclamine are believed to result from its rapid 
distribution into well-perfused tissues, such as lung 
parenchyma, bronchial mucosa, nasal mucosa, and prostatic 
tissue. The drug also concentrates in human neutrophils. 
The elimination half-life is estimated to be 30 to 44 hours. 
Most of the prodrug and its active metabolite (62%— 81% in 
normal human subjects) are excreted in the feces, largely via 
the bile, following either oral or parenteral administration. 
Urinary excretion accounts for less than 3%. 

The incidence and severity of GI adverse effects associ- 
ated with dirithromycin are similar to those seen with oral 
erythromycin. Preliminary studies indicate that dirithromycin 
and erythromycyclamine do not interact significantly with cy- 
tochrome P450 oxygenases. Thus, the likelihood of interfer- 
ence in the oxidative metabolism of drugs such as phenytoin, 
theophylline, and cyclosporine by these enzymes may be less 
with dirithromycin than with erythromycin. Dirithromycin is 
recommended as an alternative to erythromycin for the treat- 
ment of bacterial infections of the upper and lower respiratory 
tracts, such as pharyngitis, tonsillitis, bronchitis, and pneumo- 
nia, and for bacterial infections of other soft tissues and the 
skin. The once-daily dosing schedule for dirithromycin is ad- 
vantageous in terms of better patient compliance. Its place in 
therapy remains to be fully assessed. 216 

Troleandomycin 

Oleandomycin, as its triacetyl derivative troleandomycin, 
triacetyloleandomycin (TAO), remains available as an alter- 
native to erythromycin for limited indications permitting use 
of an oral dosage form. Oleandomycin was isolated by 
Sobin et al. 217 The structure of oleandomycin was proposed 
by Hochstein et al. 218 and its absolute stereochemistry elu- 
cidated by Celmer. 219 The oleandomycin structure consists 
of two sugars and a 14-member lactone ring designated an 
oleandolide . One of the sugars is desosamine, also present 
in erythromycin; the other is L-oleandrose. The sugars are 
linked glycosidically to the positions 3 and 5, respectively, 
of oleandolide. 




Oleandomycin contains three hydroxyl groups that are 
subject to acylation, one in each of the sugars and one in the 
oleandolide. The triacetyl derivative retains the in vivo anti- 
bacterial activity of the parent antibiotic but possesses supe- 
rior pharmacokinetic properties. It is hydrolyzed in vivo to 
oleandomycin. Troleandomycin achieves more rapid and 
higher plasma concentrations following oral administration 
than oleandomycin phosphate, and it has the additional 
advantage of being practically tasteless. Troleandomycin 
occurs as a white, crystalline solid that is nearly insoluble in 
water. It is relatively stable in the solid state but undergoes 
chemical degradation in either aqueous acidic or alkaline 
conditions. 

Because the antibacterial spectrum of activity of olean- 
domycin is considered inferior to that of erythromycin, the 
pharmacokinetics of troleandomycin have not been studied 
extensively. Oral absorption is apparently good, and de- 
tectable blood levels of oleandomycin persist up to 12 hours 
after a 500-mg dose of troleandomycin. Approximately 20% 
is recovered in the urine, with most excreted in the feces, pri- 
marily as a result of biliary excretion. There is some epigas- 
tric distress following oral administration, with an incidence 
similar to that caused by erythromycin. Troleandomycin is 
the most potent inhibitor of cytochrome P450 enzymes of the 
commercially available macrolides. It may potentiate the he- 
patic toxicity of certain anti-inflammatory steroids and oral 
contraceptive drugs as well as the toxic effects of theo- 
phylline, carbamazepine, and triazolam. Several allergic reac- 
tions, including cholestatic hepatitis, have also been reported 
with the use of troleandomycin. 

Approved medical indications for troleandomycin are 
currently limited to the treatment of upper respiratory infec- 
tions caused by such organisms as S. pyogenes and S. pneu- 
moniae. It may be considered an alternative to oral forms of 
erythromycin. It is available in capsules and as a suspension. 



O LINCOMYCINS 

The lincomycins are sulfur-containing antibiotics isolated 
from Streptomyces lincolnensis . Lincomycin is the most ac- 
tive and medically useful of the compounds obtained from 
fermentation. Extensive efforts to modify the lincomycin 
structure to improve its antibacterial and pharmacological 
properties resulted in the preparation of the 7-chloro-7-deoxy 
derivative clindamycin. Of the two antibiotics, clindamycin 
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appears to have the greater antibacterial potency and 
better pharmacokinetic properties. Lincomycins resemble 
macrolides in antibacterial spectrum and biochemical mech- 
anisms of action. They are primarily active against Gram- 
positive bacteria, particularly the cocci, but are also effective 
against non-spore-forming anaerobic bacteria, actino- 
mycetes, mycoplasma, and some species of Plasmodium. 
Lincomycin binds to the 50S ribosomal subunit to inhibit 
protein synthesis. Its action may be bacteriostatic or bacteri- 
cidal depending on various factors, including the concentra- 
tion of the antibiotic. A pattern of bacterial resistance and 
cross-resistance to lincomycins similar to that observed with 
the macrolides has been emerging. 195 

Products 

Lincomycin Hydrochloride 

Lincomycin hydrochloride (Lincocin), which differs chemi- 
cally from other major antibiotic classes, was isolated by 
Mason et al. 220 Its chemistry was described by Hoeksema et 
al. 221 who assigned the structure, later confirmed by Slomp 
and MacKellar, 222 given in the diagram below. Total syn- 
theses of the antibiotic were accomplished independently in 
1970 in England and the United States. 223,224 The structure 
contains a basic function, the pyrrolidine nitrogen, by which 
water-soluble salts with an apparent pK a of 7.6 may be 
formed. When subjected to hydrazinolysis, lincomycin is 
cleaved at its amide bond into fran.j-L-4-H-propylhygric acid 
(the pyrrolidine moiety) and methyl a-fhiolincosamide (the 
sugar moiety). Lincomycin-related antibiotics have been 
reported by Argoudelis 225 to be produced by S. lincolnensis . 
These antibiotics differ in structure at one or more of three 
positions of the lincomycin structure: (a) the A^-methyl of 
the hygric acid moiety is substituted by a hydrogen; (b) the 
n-propyl group of the hygric acid moiety is substituted by an 
ethyl group; and (c) the thiomethyl ether of the a-thiolin- 
cosamide moiety is substituted by a thioethyl ether. 




Lincomycin is used for the treatment of infections caused 
by Gram-positive organisms, notably staphylococci, ^-he- 
molytic streptococci, and pneumococci. It is absorbed mod- 
erately well orally and distributed widely in the tissues. 
Effective concentrations are achieved in bone for the treat- 
ment of staphylococcal osteomyelitis but not in the cere- 
brospinal fluid for the treatment of meningitis. At one time, 
lincomycin was considered a nontoxic compound, with a 
low incidence of allergy (rash) and occasional GI com- 
plaints (nausea, vomiting, and diarrhea) as the only adverse 
effects. Recent reports of severe diarrhea and the develop- 
ment of pseudomembranous colitis in patients treated with 
lincomycin (or clindamycin), however, have necessitated 
reappraisal of the role of these antibiotics in therapy. In any 
event, clindamycin is superior to lincomycin for the 
treatment of most infections for which these antibiotics are 
indicated. 



Lincomycin hydrochloride occurs as the monohydrate, a 
white, crystalline solid that is stable in the dry state. It is 
readily soluble in water and alcohol, and its aqueous solu- 
tions are stable at room temperature. It is degraded slowly 
in acid solutions but is absorbed well from the GI tract. 
Lincomycin diffuses well into peritoneal and pleural fluids 
and into bone. It is excreted in the urine and the bile. It is 
available in capsule form for oral administration and in 
ampules and vials for parenteral administration. 

Clindamycin Hydrochloride 

In 1967, Magerlein et al. 226 reported that replacement of the 
7(R)-hydroxy group of lincomycin by chlorine with inver- 
sion of configuration resulted in a compound with enhanced 
antibacterial activity in vitro. Clinical experience with 
this semisynthetic derivative, clindamycin, 7(5)-chloro-7- 
deoxylincomycin (Cleocin), released in 1970, has estab- 
lished that its superiority over lincomycin is even greater in 
vivo. Improved absorption and higher tissue levels of clin- 
damycin and its greater penetration into bacteria have been 
attributed to a higher partition coefficient than that of 
lincomycin. Structural modifications at C-7 (e.g., 7(5)-chloro 
and 7(/?)-OCH 3 ) and of the C-4 alkyl groups of the hygric 
acid moiety 227 appear to influence activity of congeners 
more through an effect on the partition coefficient of the 
molecule than through a stereospecific binding role. Changes 
in the a-thiolincosamide portion of the molecule seem to 
decrease activity markedly, however, as evidenced by the 
marginal activity of 2-deoxylincomycin, its anomer, and 2- 
0-mefhyllincomycin. 227,228 Exceptions to this are fatty acid 
and phosphate esters of the 2-hydroxyl group of lincomycin 
and clindamycin, which are hydrolyzed rapidly in vivo to the 
parent antibiotics. 




Clindamycin is recommended for the treatment of a wide 
variety of upper respiratory, skin, and tissue infections caused 
by susceptible bacteria. Its activity against streptococci, 
staphylococci, and pneumococci is indisputably high, and it is 
one of the most potent agents available against some 
non-spore-forming anaerobic bacteria, the Bacteroides spp. 
in particular. An increasing number of reports of clin- 
damycin-associated GI toxicity, which range in severity from 
diarrhea to an occasionally serious pseudomembranous coli- 
tis, have, however, caused some clinical experts to call for a 
reappraisal of the role of this antibiotic in therapy. 
Clindamycin- (or lincomycin)-associated colitis may be par- 
ticularly dangerous in elderly or debilitated patients and has 
caused deaths in such individuals. The colitis, which is usu- 
ally reversible when the drug is discontinued, is now believed 
to result from an overgrowth of a clindamycin-resistant strain 
of the anaerobic intestinal bacterium Clostridium difficile?' 29 
The intestinal lining is damaged by a glycoprotein endotoxin 
released by lysis of this organism. 

The glycopeptide antibiotic vancomycin has been effec- 
tive in the treatment of clindamycin-induced pseudomem- 
branous colitis and in the control of the experimentally 
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induced bacterial condition in animals. Clindamycin should 
be reserved for staphylococcal tissue infections, such as cel- 
lulitis and osteomyelitis, in penicillin-allergic patients and 
for severe anaerobic infections outside the central nervous 
system. Ordinarily, it should not be used to treat upper res- 
piratory tract infections caused by bacteria sensitive to other 
safer antibiotics or in prophylaxis. 

Clindamycin is absorbed rapidly from the GI tract, even 
in the presence of food. It is available as the crystalline, 
water-soluble hydrochloride hydrate (hyclate) and the 2- 
palmitate ester hydrochloride salts in oral dosage forms and 
as the 2-phosphate ester in solutions for intramuscular or in- 
travenous injection. All forms are chemically very stable in 
solution and in the dry state. 

Clindamycin Palmitate Hydrochloride 

Clindamycin palmitate hydrochloride (Cleocin Pediatric) is 
the hydrochloride salt of the palmitic acid ester of 
cleomycin. The ester bond is to the 2-hydroxyl group of the 
lincosamine sugar. The ester serves as a tasteless prodrug 
form of the antibiotic, which hydrolyzes to clindamycin in 
the plasma. The salt form confers water solubility to the 
ester, which is available as granules for reconstitution into 
an oral solution for pediatric use. Although absorption of the 
palmitate is slower than that of the free base, there is little 
difference in overall bioavailability of the two preparations. 
Reconstituted solutions of the palmitate hydrochloride are 
stable for 2 weeks at room temperature. Such solutions 
should not be refrigerated because thickening occurs that 
makes the preparation difficult to pour. 




Clindamycin Phosphate 

Clindamycin phosphate (Cleocin Phosphate) is the 2-phos- 
phate ester of clindamycin. It exists as a zwitterionic struc- 
ture that is very soluble in water. It is intended for parenteral 
(intravenous or intramuscular) administration for the treat- 
ment of serious infections and instances when oral adminis- 
tration is not feasible. Solutions of clindamycin phosphate 
are stable at room temperature for 16 days and for up to 32 
days when refrigerated. 




O POLYPEPTIDES 

Among the most powerful bactericidal antibiotics are those 
that possess a polypeptide structure. Many of them have 
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been isolated, but unfortunately, their clinical use has been 
limited by their undesirable side reactions, particularly renal 
toxicity. Another limitation is the lack of systemic activity 
of most peptides following oral administration. A chief 
source of the medicinally important members of this class 
has been Bacillus spp. The antitubercular antibiotics capre- 
omycin and viomycin (see Chapter 6) and the antitumor 
antibiotics actinomycin and bleomycin are peptides isolated 
from Streptomyces spp. The glycopeptide antibiotic van- 
comycin, which has become the most important member of 
this class, is isolated from a closely related actinomycete, 
Amycolatopsis orientalis. 

Polypeptide antibiotics variously possess several inter- 
esting and often unique characteristics: (a) they frequently 
consist of several structurally similar but chemically dis- 
tinct entities isolated from a single source; (b) most of 
them are cyclic, with a few exceptions (e.g., the grami- 
cidins); (c) they frequently contain D-amino acids and/or 
"unnatural" amino acids not found in higher plants or 
animals; and (d) many of them contain non-amino acid 
moieties, such as heterocycles, fatty acids, sugars, etc. 
Polypeptide antibiotics may be acidic, basic, zwitterionic, 
or neutral depending on the number of free carboxyl and 
amino or guanidino groups in their structures. Initially, it 
was assumed that neutral compounds, such as the grami- 
cidins, possessed cyclopeptide structures. Later, the gram- 
icidins were determined to be linear, and the neutrality was 
shown to be because of a combination of the formylation 
of the terminal amino group and the ethanolamine amida- 
tion of the terminal carboxyl group. 230 

Antibiotics of the polypeptide class differ widely in 
their mechanisms of action and antimicrobial properties. 
Bacitracin and vancomycin interfere with bacterial cell wall 
synthesis and are effective only against Gram-positive bac- 
teria. Neither antibiotic apparently can penetrate the outer 
envelope of Gram-negative bacteria. Both the gramicidins 
and the polymyxins interfere with cell membrane functions 
in bacteria. However, the gramicidins are effective primarily 
against Gram-positive bacteria, whereas the polymyxins are 
effective only against Gram-negative species. Gramicidins 
are neutral compounds that are largely incapable of pene- 
trating the outer envelope of Gram-negative bacteria. 
Polymyxins are highly basic compounds that penetrate the 
outer membrane of Gram-negative bacteria through porin 
channels to act on the inner cell membrane. 231 The much 
thicker cell wall of Gram-positive bacteria apparently bars 
penetration by the polymyxins. 

Vancomycin Hydrochloride 

The isolation of the glycopeptide antibiotic vancomycin 
(Vancocin, Vancoled) from Streptomyces orientalis (renamed 
A. orientalis) was described in 1956 by McCormick et al. 232 
The organism originally was obtained from cultures of an 
Indonesian soil sample and subsequently has been obtained 
from Indian soil. Vancomycin was introduced in 1958 as an 
antibiotic active against Gram-positive cocci, particularly 
streptococci, staphylococci, and pneumococci. It is not ac- 
tive against Gram-negative bacteria, with the exception of 
Neisseria spp. Vancomycin is recommended for use when 
infections fail to respond to treatment with the more common 
antibiotics or when the infection is known to be caused by a 
resistant organism. It is particularly effective for the treatment 
of endocarditis caused by Gram-positive bacteria. 
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Vancomycin hydrochloride is a free-flowing, tan to 
brown powder that is relatively stable in the dry state. It is 
very soluble in water and insoluble in organic solvents. 
The salt is quite stable in acidic solutions. The free base is 
an amphoteric substance, whose structure was determined 
by a combination of chemical degradation and nuclear 
magnetic resonance (NMR) studies and x-ray crystallo- 
graphic analysis of a close analog. 233 Slight stereochemi- 
cal and conformational revisions in the originally proposed 
structure were made later. 234,235 Vancomycin is a gly- 
copeptide containing two glycosidically linked sugars, glu- 
cose and vancosamine, and a complex cyclic peptide agly- 
con containing aromatic residues linked together in a 
unique resorcinol ether system. 

Vancomycin inhibits cell wall synthesis by preventing 
the synthesis of cell wall mucopeptide polymer. It does so 
by binding with the D-alanine-D-alanine terminus of the 
uridine diphosphate-A'-acetylmuramyl peptides required 
for mucopeptide polymerization. 236 Details of the binding 
were elucidated by the elegant NMR studies of Williamson 



et al. The action of vancomycin leads to lysis of the bac- 
terial cell. The antibiotic does not exhibit cross-resistance 
to /3-lactams, bacitracin, or cycloserine, from which it dif- 
fers in mechanism. Resistance to vancomycin among 
Gram-positive cocci is rare. High-level resistance in clini- 
cal isolates of enterococci has been reported, however. 
This resistance is in response to the inducible production 
of a protein, encoded by vancomycin A, that is an altered 
ligase enzyme that causes the incorporation of a D-alanine- 
D-lactate depsipeptide instead of the usual D-alanine-D-ala- 
nine dipeptide in the peptidoglycan terminus. 238 The re- 
sulting peptidoglycan can still undergo cross-linking but 
no longer binds vancomycin. 

Vancomycin hydrochloride is always administered intra- 
venously (never intramuscularly), either by slow injection 
or by continuous infusion, for the treatment of systemic 
infections. In short-term therapy, the toxic side reactions are 
usually slight, but continued use may lead to impaired audi- 
tory acuity, renal damage, phlebitis, and rashes. Because it 
is not absorbed or significantly degraded in the GI tract, 
vancomycin may be administered orally for the treatment of 
staphylococcal enterocolitis and for pseudomembranous co- 
litis associated with clindamycin therapy. Some conversion 
to aglucovancomycin likely occurs in the low pH of the 
stomach. The latter retains about three fourths of the activ- 
ity of vancomycin. 

Teicoplanin 

Teicoplanin (Teichomycin A 2 , Targocid) is a mixture of 
five closely related glycopeptide antibiotics produced by 
the actinomycete Actinoplanes teichomyceticus . 239 ' 240 
The teicoplanin factors differ only in the acyl group in 
the northernmost of two glucosamines glycosidically 
linked to the cyclic peptide aglycone. Another sugar, D- 
mannose, is common to all of the teicoplanins. The 
structures of the teicoplanin factors were determined inde- 
pendently by a combination of chemical degradation 241 
and spectroscopic 242 ' 243 methods in three different groups 
in 1984. 




Dr. Murtadha Alshareifi e-Library 



Chapter 8 % Antibacterial Antibiotics 317 




The teicoplanin complex is similar to vancomycin struc- 
turally and microbiologically but has unique physical proper- 
ties that contribute some potentially useful advantages. 244 
While retaining excellent water solubility, teicoplanin has sig- 
nificantly greater lipid solubility than vancomycin. Thus, te- 
icoplanin is distributed rapidly into tissues and penetrates 
phagocytes well. The complex has a long elimination half- 
life, ranging from 40 to 70 hours, resulting from a combina- 
tion of slow tissue release and a high fraction of protein bind- 
ing in the plasma (—90%). Unlike vancomycin, teicoplanin is 
not irritating to tissues and may be administered by intramus- 
cular or intravenous injection. Because of its long half-life, te- 
icoplanin may be administered on a once-a-day dosing sched- 
ule. Orally administered teicoplanin is not absorbed 
significantly and is recovered 40% unchanged in the feces. 

Teicoplanin exhibits excellent antibacterial activity against 
Gram-positive organisms, including staphylococci, strepto- 
cocci, enterococci, Clostridium and Corynebacterium spp., 
Propionibacterium acnes, and L. monocytogenes . It is not ac- 
tive against Gram-negative organisms, including Neisseria 
and Mycobacterium spp. Teicoplanin impairs bacterial cell 
wall synthesis by complexing with the terminal D-alanine-D- 
alanine dipeptide of the peptidoglycan, thus preventing cross- 
linking in a manner entirely analogous to the action of 
vancomycin. 

In general, teicoplanin appears to be less toxic than van- 
comycin. Unlike vancomycin, it does not cause histamine 
release following intravenous infusion. Teicoplanin appar- 
ently also has less potential for causing nephrotoxicity than 
vancomycin. 

Bacitracin 

The organism from which Johnson et al. 245 produced baci- 
tracin in 1945 is a strain of B. subtilis. The organism had 
been isolated from debrided tissue from a compound frac- 
ture in 7-year-old Margaret Tracy, hence the name "baci- 
tracin." Bacitracin is now produced from the licheniformis 
group (B. subtilis). Like tyrothricin, the first useful antibi- 
otic obtained from bacterial cultures, bacitracin is a complex 



mixture of polypeptides. So far, at least 10 polypeptides 
have been isolated by countercurrent distribution tech- 
niques: A, A 1 , B, C, D, E, F 1; F 2 , F 3 , and G. The commer- 
cial product known as bacitracin is a mixture of principally 
A, with smaller amounts of B, D, E, and Fi_3. 



OH 




The official product is a white to pale buff powder that is 
odorless or nearly so. In the dry state, bacitracin is stable, but 
it rapidly deteriorates in aqueous solutions at room tempera- 
ture. Because it is hygroscopic, it must be stored in tight con- 
tainers, preferably under refrigeration. The stability of aque- 
ous solutions of bacitracin is affected by pH and temperature. 
Slightly acidic or neutral solutions are stable for as long as 1 
year if kept at a temperature of 0 to 5 °C. If the pH rises above 
9, inactivation occurs very rapidly. For greatest stability, the 
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pH of a bacitracin solution is best adjusted to 4 to 5 by the 
simple addition of acid. The salts of heavy metals precipitate 
bacitracin from solution, with resulting inactivation. 
Ethylenediaminetetraacetic acid (EDTA) also inactivates 
bacitracin, which led to the discovery that a divalent ion (i.e., 
Zn 2+ ) is required for activity. In addition to being water sol- 
uble, bacitracin is soluble in low-molecular-weight alcohols 
but insoluble in many other organic solvents, including ace- 
tone, chloroform, and ether. 

The principal work on the chemistry of the bacitracins 
has been directed toward bacitracin A, the component in 
which most of the antibacterial activity of crude bacitracin 
resides. The structure shown in the diagram was proposed 
by Stoffel and Craig 246 and subsequently confirmed by 
Ressler and Kashelikar. 247 

The activity of bacitracin is measured in units per mil- 
ligram. The potency per milligram is not less than 
40 units/mg except for material prepared for parenteral use, 
which has a potency of not less than 50 units/mg. It is a bac- 
tericidal antibiotic that is active against a wide variety of 
Gram-positive organisms, very few Gram-negative organ- 
isms, and some others. It is believed to exert its bactericidal 
effect through inhibition of mucopeptide cell wall synthesis. 
Its action is enhanced by zinc. Although bacitracin has 
found its widest use in topical preparations for local infec- 
tions, it is quite effective in several systemic and local infec- 
tions when administered parenterally. It is not absorbed 
from the GI tract; accordingly, oral administration is with- 
out effect, except for the treatment of amebic infections 
within the alimentary canal. 

Polymyxin B Sulfate 

Polymyxin (Aerosporin) was discovered in 1947 almost si- 
multaneously in three separate laboratories in the United 
States and Great Britain. 248 " 250 As often happens when 
similar discoveries are made in widely separated laborato- 
ries, differences in nomenclature, referring to both the 
antibiotic-producing organism and the antibiotic itself, ap- 
peared in references to the polymyxins. Because the organ- 
isms first designated as Bacillus polymyxa and B. 
aerosporus Greer were found to be identical species, the 
name B. polymyxa is used to refer to all of the strains that 
produce the closely related polypeptides called polymyx- 
ins. Other organisms (e.g., see "Colistin" later) also pro- 
duce polymyxins. Identified so far are polymyxins A, B 1( 



B 2 , C, Di, D 2 , M, colistin A (polymyxin E[), colistin B 
(polymyxin E 2 ), circulins A and B, and polypeptin. The 
known structures of this group and their properties have 
been reviewed by Vogler and Studer. 251 Of these, 
polymyxin B as the sulfate usually is used in medicine be- 
cause, when used systemically, it causes less kidney dam- 
age than the others. 

Polymyxin B sulfate is a nearly odorless, white to buff 
powder. It is freely soluble in water and slightly soluble in 
alcohol. Its aqueous solutions are slightly acidic or nearly 
neutral (pH 5-7.5) and, when refrigerated, stable for at least 
6 months. Alkaline solutions are unstable. Polymyxin B was 
shown to be a mixture by Hausmann and Craig, 252 who used 
countercurrent distribution techniques to obtain two frac- 
tions that differ in structure only by one fatty acid compo- 
nent. Polymyxin Bj contains (+)-6-methyloctan-l-oic acid 
(isopelargonic acid), a fatty acid isolated from all of the 
other polymyxins. The B 2 component contains an isooc- 
tanoic acid, C8H 16 0 2 , of undetermined structure. The struc- 
tural formula for polymyxin B has been proved by the syn- 
thesis by Vogler et al. 253 

Polymyxin B sulfate is useful against many Gram- 
negative organisms. Its main use in medicine has been in 
topical applications for local infections in wounds and 
burns. For such use, it frequently is combined with baci- 
tracin, which is effective against Gram-positive organisms. 
Polymyxin B sulfate is absorbed poorly from the GI tract; 
therefore, oral administration is of value only in the treat- 
ment of intestinal infections such as pseudomonal enteritis 
or infections caused by Shigella spp. It may be given par- 
enterally by intramuscular or intrathecal injection for sys- 
temic infections. The dosage of polymyxin is measured in 
units. One milligram contains not less than 6,000 units. 
Some additional confusion on nomenclature for this antibi- 
otic exists because Koyama et al. originally named the 
product colimycin, and that name is used still. Particularly, 
it has been the basis for variants used as brand names, such 
as Coly-Mycin, Colomycin, Colimycin-E, and Colimicin-A. 

Colistin Sulfate 

In 1950, Koyama et al. isolated an antibiotic from 
Aerobacillus colistinus (B. polymyxa var. colistinus) that 
was given the name colistin (Coly-Mycin S). It was used in 
Japan and in some European countries for several years be- 
fore it was made available for medicinal use in the United 
States. It is recommended especially for the treatment of 
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refractory urinary tract infections caused by Gram-negative 
organisms such as Aerobacter, Bordetella, Escherichia, 
Klebsiella, Pseudomonas, Salmonella, and Shigella spp. 

Chemically, colistin is a polypeptide, reported by Suzuki 
et al. 255 whose major component is colistin A. They pro- 
posed the structure shown below for colistin A, which dif- 
fers from polymyxin B only by the substitution of D-leucine 
for D-phenylalanine as one of the amino acid fragments in 
the cyclic portion of the structure. Wilkinson and Lowe 256 
have corroborated the structure and have shown that colistin 
A is identical with polymyxin E j . 

Two forms of colistin have been prepared, the sulfate and 
methanesulfonate, and both forms are available for use in the 
United States. The sulfate is used to make an oral pediatric 
suspension; the methanesulfonate is used to make an intra- 
muscular injection. In the dry state, the salts are stable, and 
their aqueous solutions are relatively stable at acid pH from 2 
to 6. Above pH 6, solutions of the salts are much less stable. 

Colistimethate Sodium, Sterile 

In colistin, five of the terminal amino groups of the a- 
aminobutyric acid fragment may be readily alkylated. In col- 
istimethate sodium, pentasodium colistinmethanesulfonate, 
sodium colistimethanesulfonate (Coly-Mycin M), the 



methanesulfonate radical is the attached alkyl group, and a 
sodium salt may be made through each sulfonate. This pro- 
vides a highly water-soluble compound that is very suitable 
for injection. In the injectable form, it is given intramuscu- 
larly and is surprisingly free from toxic reactions compared 
with polymyxin B. Colistimethate sodium does not readily 
induce the development of resistant strains of microorgan- 
isms, and there is no evidence of cross-resistance with the 
common broad-spectrum antibiotics. It is used for the same 
conditions mentioned for colistin. 

Gramicidin 

Gramicidin is obtained from tyrothricin, a mixture of 
polypeptides usually obtained by extraction of cultures of B. 
brevis. Tyrothricin was isolated in 1939 by Dubos 257 in a 
planned search to find an organism growing in soil that would 
have antibiotic activity against human pathogens. With only 
limited use in therapy now, it is of historical interest as the 
first in the series of modern antibiotics. Tyrothricin is a white 
to slightly gray or brown- white powder, with little or no odor 
or taste. It is practically insoluble in water and is soluble in al- 
cohol and dilute acids. Suspensions for clinical use can be 
prepared by adding an alcoholic solution to calculated 
amounts of distilled water or isotonic saline solutions. 
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Tyrothricin is a mixture of two groups of antibiotic com- 
pounds, the gramicidins and the tyrocidines. Gramicidins 
are the more active components of tyrothricin, and this frac- 
tion, which is 10% to 20% of the mixture, may be separated 
and used in topical preparations for the antibiotic effect. 
Five gramicidins, A 2 , A 3 , Bi, B 2 , and C, have been identi- 
fied. Their structures have been proposed and confirmed 
through synthesis by Sarges and Witkop. 230 The gramicidins 
A differ from the gramicidins B by having a tryptophan 
moiety substituted by an L-phenylalanine moiety. In grami- 
cidin C, a tyrosine moiety substitutes for a tryptophan moi- 
ety. In both of the gramicidin A and B pairs, the only differ- 
ence is the amino acid located at the end of the chain, which 
has the neutral formyl group on it. If that amino acid is va- 
line, the compound is either valine-gramicidin A or valine- 
gramicidin B. If that amino acid is isoleucine, the compound 
is isoleucine-gramicidin, either A or B. 

Tyrocidine is a mixture of tyrocidines A, B, C, and D, 
whose structures have been determined by Craig et al. 258 ' 259 
The synthesis of tyrocidine A was reported by Ohno et al. 
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Gramicidin acts as an ionophore in bacterial cell mem- 
branes to cause the loss of potassium ion from the cell. 261 It 
is bactericidal. 

Tyrothricin and gramicidin are effective primarily 
against Gram-positive organisms. Their use is restricted to 
local applications. Tyrothricin can cause lysis of erythro- 
cytes, which makes it unsuitable for the treatment of sys- 
temic infections. Its applications should avoid direct contact 
with the bloodstream through open wounds or abrasions. It 
is ordinarily safe to use tyrothricin in troches for throat in- 
fections, as it is not absorbed from the GI tract. Gramicidin 
is available in various topical preparations containing other 
antibiotics, such as bacitracin and neomycin. 



O UNCLASSIFIED ANTIBIOTICS 

Among the many hundreds of antibiotics that have been 
evaluated for activity, several have gained significant clini- 
cal attention but do not fall into any of the previously con- 
sidered groups. Some of these have quite specific activities 
against a narrow spectrum of microorganisms. Some have 
found a useful place in therapy as substitutes for other an- 
tibiotics to which resistance has developed. 

Chloramphenicol 

The first of the widely used broad-spectrum antibiotics, 
chloramphenicol (Chloromycetin, Amphicol) was isolated 



by Ehrlich et al. in 1947. They obtained it from 
Streptomyces venezuelae , an organism found in a sample of 
soil collected in Venezuela. Since then, chloramphenicol 
has been isolated as a product of several organisms found in 
soil samples from widely separated places. More impor- 
tantly, its chemical structure was established quickly, and in 
1949, Controulis et al. 263 reported its synthesis. This opened 
the way for the commercial production of chloramphenicol 
by a totally synthetic route. It was the first and still is the 
only therapeutically important antibiotic to be so produced 
in competition with microbiological processes. Diverse syn- 
thetic procedures have been developed for chloramphenicol. 
The commercial process generally used starts with p-vA- 
troacetophenone. 264 
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Chloramphenicol is a white, crystalline compound that is 
very stable. It is very soluble in alcohol and other polar or- 
ganic solvents but only slightly soluble in water. It has no 
odor but has a very bitter taste. 

Chloramphenicol possesses two chiral carbon atoms in 
the acylamidopropanediol chain. Biological activity resides 
almost exclusively in the D-threo isomer; the L-threo and the 
D- and L-erythro isomers are virtually inactive. 

Chloramphenicol is very stable in the bulk state and in 
solid dosage forms. In solution, however, it slowly under- 
goes various hydrolytic and light-induced reactions. 265 The 
rates of these reactions depend on pH, heat, and light. 
Hydrolytic reactions include general acid-base-catalyzed 
hydrolysis of the amide to give l-(/7-nitrophenyl)-2-amino- 
propan-l,3-diol and dichloroacetic acid and alkaline hydrol- 
ysis (above pH 7) of the a-chloro groups to form the corre- 
sponding a,a-dihydroxy derivative. 

The metabolism of chloramphenicol has been investi- 
gated thoroughly. 266 The main path involves formation of 
the 3-(9-glucuronide. Minor reactions include reduction of 
the p-nitro group to the aromatic amine, hydrolysis of the 
amide, and hydrolysis of the a-chloracetamido group, fol- 
lowed by reduction to give the corresponding a-hydroxy- 
acetyl derivative. 

Strains of certain bacterial species are resistant to chlo- 
ramphenicol by virtue of the ability to produce chloram- 
phenicol acetyltransferase, an enzyme that acetylates the 
hydroxy groups at the positions 1 and 3. Both the 3-ace- 
toxy and the 1,3-diacetoxy metabolites lack antibacterial 
activity. 

Numerous structural analogs of chloramphenicol have 
been synthesized to provide a basis for correlation of struc- 
ture to antibiotic action. It appears that the /7-nitrophenyl 
group may be replaced by other aryl structures without ap- 
preciable loss in activity. Substitution on the phenyl ring 
with several different types of groups for the nitro group, a 
very unusual structure in biological products, does not 
greatly decrease activity. All such compounds yet tested are 
less active than chloramphenicol. As part of a QSAR study, 
Hansch et al. 267 reported that the 2-NHCOCF 3 derivative is 
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1.7 times as active as chloramphenicol against E. coli. 
Modification of the side chain shows that it possesses high 
specificity in structure for antibiotic action. Conversion of 
the alcohol group on C-l of the side chain to a keto group 
causes appreciable loss in activity. The relationship of the 
structure of chloramphenicol to its antibiotic activity will 
not be seen clearly until the mode of action of this 
compound is known. Brock 268 reports on the large amount 
of research that has been devoted to this problem. 
Chloramphenicol exerts its bacteriostatic action by a strong 
inhibition of protein synthesis. The details of such inhibition 
are as yet undetermined, and the precise point of action is 
unknown. Some process lying between the attachment of 
amino acids to sRNA and the final formation of protein ap- 
pears to be involved. 

The broad-spectrum activity of chloramphenicol and its 
singular effectiveness in the treatment of some infections 
not amenable to treatment by other drugs made it an ex- 
tremely popular antibiotic. Unfortunately, instances of se- 
rious blood dyscrasias and other toxic reactions have re- 
sulted from the promiscuous and widespread use of 
chloramphenicol in the past. Because of these reactions, it 
is recommended that it not be used in the treatment of in- 
fections for which other antibiotics are as effective and 
less hazardous. When properly used, with careful observa- 
tion for untoward reactions, chloramphenicol provides 
some of the very best therapy for the treatment of serious 
infections. 269 

Chloramphenicol is recommended specifically for the 
treatment of serious infections caused by strains of Gram- 
positive and Gram-negative bacteria that have developed 
resistance to penicillin G and ampicillin, such as H. in- 
fluenzae, Salmonella typhi, S. pneumoniae , B. fragilis, and 
N. meningitidis . Because of its penetration into the central 
nervous system, chloramphenicol is a particularly impor- 
tant alternative therapy for meningitis. It is not recom- 
mended for the treatment of urinary tract infections 
because 5% to 10% of the unconjugated form is excreted 
in the urine. Chloramphenicol is also used for the treat- 
ment of rickettsial infections, such as Rocky Mountain 
spotted fever. 

Because it is bitter, this antibiotic is administered 
orally either in capsules or as the palmitate ester. 
Chloramphenicol palmitate is insoluble in water and may 
be suspended in aqueous vehicles for liquid dosage forms. 
The ester forms by reaction with the hydroxyl group on C- 
3. In the alimentary tract, it is hydrolyzed slowly to the 
active antibiotic. Chloramphenicol is administered par- 
enterally as an aqueous suspension of very fine crystals or 
as a solution of the sodium salt of the succinate ester of 
chloramphenicol. Sterile chloramphenicol sodium succi- 
nate has been used to prepare aqueous solutions for intra- 
venous injection. 

Chloramphenicol Palmitate 

Chloramphenicol palmitate is the palmitic acid ester of 
chloramphenicol. It is a tasteless prodrug of chlorampheni- 
col intended for pediatric use. The ester must hydrolyze in 
vivo following oral absorption to provide the active form. 
Erratic serum levels were associated with early formula- 
tions of the palmitate, but the manufacturer claims that the 
bioavailability of the current preparation is comparable to 
that of chloramphenicol itself. 



Chapter 8 # Antibacterial Antibiotics 32 1 

o" 

0=N + 




Chloramphenicol Sodium Succinate 

Chloramphenicol sodium succinate is the water-soluble 
sodium salt of the hemisuccinate ester of chloramphenicol. 
Because of the low solubility of chloramphenicol, the sodium 
succinate is preferred for intravenous administration. The 
availability of chloramphenicol from the ester following 
intravenous administration is estimated to be 70% to 75%; the 
remainder is excreted unchanged. 269 ' 270 Poor availability of 
the active form from the ester following intramuscular injec- 
tion precludes attaining effective plasma levels of the antibi- 
otic by this route. Orally administered chloramphenicol or 
its palmitate ester actually gives higher plasma levels of the 
active antibiotic than does intravenously administered chlo- 
ramphenicol sodium succinate. 270 ' 271 Nonetheless, effective 
concentrations are achieved by either route. 
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Novobiocin Sodium 

In the search for new antibiotics, three different research 
groups independently isolated novobiocin, streptonivicin 
(Albamycin) from Streptomyces spp. It was reported first in 
1955 as a product of S. spheroides and S. niveus. Currently, it 
is produced from cultures of both species. Until the common 
identity of the products obtained by the different research 
groups was ascertained, the naming of this compound was 
confused. Its chemical identity was established as 7-[4-(car- 
bamoyloxy)tetrahydro-3-hydroxy-5-methoxy-6,6-di- 
methylpyran-2-yloxyl-4-hydroxy-3-[4-hydroxy-3-(3-methyl- 
2-butenyl)benzamido]-8-methylcoumarin by Shunk et al. 272 
and Hoeksema et al. 273 and confirmed by Spencer et al. 274 275 
Chemically, novobiocin has a unique structure among 
antibiotics, though, like several others, it possesses a glyco- 
sidic sugar moiety. The sugar in novobiocin, devoid of its 
carbamate ester, has been named noviose and is an aldose 
with the configuration of L-lyxose. The aglycon moiety has 
been termed novobiocic acid. 
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Novobiocin is a pale yellow, somewhat photosensitive 
compound that crystallizes in two chemically identical 
forms with different melting points (polymorphs). It is solu- 
ble in methanol, ethanol, and acetone but is quite insoluble 
in less polar solvents. Its solubility in water is affected by 
pH. It is readily soluble in basic solutions, in which it dete- 
riorates, and is precipitated from acidic solutions. It behaves 
as a diacid, forming two series of salts. 

The enolic hydroxyl group on the coumarin moiety be- 
haves as a rather strong acid (pK a 4.3) and is the group by 
which the commercially available sodium and calcium salts 
are formed. The phenolic -OH group on the benzamido moi- 
ety also behaves as an acid but is weaker than the former, 
with a pK a of 9.1. Disodium salts of novobiocin have been 
prepared. The sodium salt is stable in dry air but loses activ- 
ity in the presence of moisture. The calcium salt is quite 
water insoluble and is used to make aqueous oral suspen- 
sions. Because of its acidic characteristics, novobiocin com- 
bines to form salt complexes with basic antibiotics. Some of 
these salts have been investigated for their combined antibi- 
otic effect, but none has been placed on the market, as they 
offer no advantage. 

The action of novobiocin is largely bacteriostatic. Its 
mode of action is not known with certainty, though it does 
inhibit bacterial protein and nucleic acid synthesis. Studies 
indicate that novobiocin and related coumarin-containing 
antibiotics bind to the subunit of DNA gyrase and possibly 
interfere with DNA supercoiling 276 and energy transduction 
in bacteria. 277 The effectiveness of novobiocin is confined 
largely to Gram-positive bacteria and a few strains of P. vul- 
garis. Its low activity against Gram-negative bacteria is ap- 
parently because of poor cellular penetration. 

Although cross-resistance to other antibiotics is reported 
not to develop with novobiocin, resistant S. aureus strains 
are known. Consequently, the medical use of novobiocin is 
reserved for the treatment of staphylococcal infections re- 
sistant to other antibiotics and sulfas and for patients aller- 
gic to these drugs. Another shortcoming that limits the use- 
fulness of novobiocin is the relatively high frequency of 
adverse reactions, such as urticaria, allergic rashes, hepato- 
toxicity, and blood dyscrasias. 

Mupirocin 

Mupirocin (pseudomonic acid A, Bactroban) is the major 
component of a family of structurally related antibiotics, 
pseudomonic acids A to D, produced by the submerged 
fermentation of Pseudomonas fluorescens. Although the 
antimicrobial properties of P. fluorescens were recorded 
as early as 1887, it was not until 1971 that Fuller et al. 278 
identified the metabolites responsible for this activity. The 
structure of the major and most potent metabolite, 
pseudomonic acid A (which represents 90%-95% of the ac- 
tive fraction from P. fluorescens), was later confirmed by 
chemical synthesis 279 to be the 9-hydroxynonanoic acid 
ester of monic acid. 
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The use of mupirocin is confined to external applica- 
tions. 280 Systemic administration of the antibiotic results 
in rapid hydrolysis by esterases to monic acid, which is in- 
active in vivo because of its inability to penetrate bacteria. 
Mupirocin has been used for the topical treatment of 
impetigo, eczema, and folliculitis secondarily infected by 
susceptible bacteria, especially staphylococci and /3-he- 
molytic streptococci. The spectrum of antibacterial activity 
of mupirocin is confined to Gram-positive and Gram- 
negative cocci, including staphylococci, streptococci, 
Neisseria spp., and M. catarrhalis . The activity of the an- 
tibiotic against most Gram-negative and Gram-positive 
bacilli is generally poor, with the exception of H. influen- 
zae. It is not effective against enterococci or anaerobic 
bacteria. 

Mupirocin interferes with RNA synthesis and protein syn- 
thesis in susceptible bacteria. 281 ' 282 It specifically and re- 
versibly binds with bacterial isoleucyl tRNA synthase to pre- 
vent the incorporation of isoleucine into bacterial proteins. 282 
High-level, plasmid-mediated mupirocin resistance in S. au- 
reus has been attributed to the elaboration of a modified 
isoleucyl tRNA that does not bind mupirocin. 283 Inherent re- 
sistance in bacilli is likely because of poor cellular penetration 
of the antibiotic. 284 

Mupirocin is supplied in a water-miscible ointment 
containing 2% of the antibiotic in polyethylene glycols 400 
and 3350. 

Quinupristin/Dalfopristin 

Quinupristin/dalfopristin (Synercid) is a combination of the 
streptogramin B quinupristin with the streptogramin A 
dalfopristin in a 30:70 ratio. 

Both of these compounds are semisynthetic derivatives 
of two naturally occurring pristinamycins produced in fer- 
mentations of Streptomyces pristinaspiralis. Quinupristin 
and dalfopristin are solubilized derivatives of pristinamycin 
la and pristinamycin Ha, respectively, and therefore are suit- 
able for intravenous administration only. 

The spectrum of activity of quinupristin/dalfopristin is 
largely against Gram-positive bacteria. The combination is 
active against Gram-positive cocci, including S. pneumoniae , 
/^-hemolytic and a-hemolytic streptococci, Enterococcus 
faecium, and coagulase-positive and coagulase-negative 
staphylococci. The combination is mostly inactive against 
Gram-negative organisms, although M. catarrhalis and 
Neisseria spp. are susceptible. The combination is bacterici- 
dal against streptococci and many staphylococci, but bacte- 
riostatic against E. faecium. 

Quinupristin and dalfopristin are protein synthesis 
inhibitors that bind to the 50S ribosomal subunit. 
Quinupristin, a type B streptogramin, binds at the same site 
as the macrolides and has a similar effect, resulting in in- 
hibition of polypeptide elongation and early termination of 
protein synthesis. Dalfopristin binds to a site near that of 
quinupristin. The binding of dalfopristin results in a con- 
formational change in the 50S ribosomal subunit, synergis- 
tically enhancing the binding of quinupristin at its target 
site. In most bacterial species, the cooperative and syner- 
gistic binding of these two compounds to the ribosome is 
bactericidal. 

Synercid should be reserved for the treatment of serious 
infections caused by multidrug-resistant Gram-positive 
organisms such as vancomycin-resistant E. faecium. 
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Linezolid 

Linezolid (Zyvox) is an oxazolidinedione-type antibacterial 
agent that inhibits bacterial protein synthesis. It acts in the 
early translation stage, preventing the formation of a func- 
tional initiation complex. Linezolid binds to the 30S and 70S 
ribosomal subunits and prevents initiation complexes involv- 
ing these subunits. Collective data suggest that the oxazo- 
lidindiones partition their ribosomal interaction between the 
two subunits. Formation of the early tRNA tMet -mRNA-70S 
or 30S is prevented. Linezolid is a newer synthetic agent, and 
hence, cross-resistance between the antibacterial agent and 
other inhibitors of bacterial protein synthesis has not 
been seen. 
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Linezolid possesses a wide spectrum of activity against 
Gram-positive organisms, including MRSA, penicillin-resis- 
tant pneumococci, and vancomycin-resistant Enterococcus 
faecalis and E. faecium. Anaerobes such as Clostridium, 
Peptostreptococcus , and Prevotella spp. are sensitive to 
linezolid. 

Linezolid is a bacteriostatic agent against most susceptible 
organisms but displays bactericidal activity against some 
strains of pneumococci, B. fragilis, and Clostridium 
perfringens. 

The indications for linezolid are for complicated and 
uncomplicated skin and soft-tissue infections, community- 
and hospital-acquired pneumonia, and drug-resistant Gram- 
positive infections. 

Fosfomycin Tromethamine 

Fosfomycin tromethamine (Monurol) is a phosphonic acid 
epoxide derivative that was initially isolated from fermenta- 
tions of Streptomyces spp. The structure of the drug is shown 
next. Making the tromethamine salt greatly expanded the 
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therapeutic utility of this antibacterial because water solubil- 
ity increased enough to allow oral administration. 
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Fosfomycin is a broad-spectrum, bactericidal antibacter- 
ial that inhibits the growth of E. coli, S. aureus, and 
Serratia, Klebsiella, Citrobacter, Enterococcus, and 
Enterobacter spp. at a concentration less than 64 mg/L. 
Currently fosfomycin is recommended as single-dose ther- 
apy for uncomplicated urinary tract infections. It possesses 
in vitro efficacy similar to that of norfloxacin and trimetho- 
prim-sulfamethoxazole. 

Fosfomycin covalently inactivates the first enzyme in the 
bacterial cell wall biosynthesis pathway, UDP-Af-acetylglu- 
cosamine enolpyruvyl transferase (MurA) by alkylation of 
the cysteine- 115 residue. The inactivation reaction occurs 
through nucleophilic opening of the epoxide ring. Resistance 
to fosfomycin can occur through chromosomal mutations 
that result in reduced uptake or reduced MurA affinity for the 
inhibitor. Plasmid-mediated resistance mechanisms involve 
conjugative bioinactivation of the antibiotic with glutathione. 
The frequency of resistant mutants in in vitro studies has 
been low, and there appears to be little cross-resistance be- 
tween fosfomycin and other antibacterials. 



O NEWER ANTIBIOTICS 

Tigecycline 

Tigecycline (Tygacil) is a first-in-class (a glycylcycline) in- 
travenous antibiotic that was designed to circumvent many 
important bacterial resistance mechanisms. It is not affected 
by resistance mechanisms such as ribosomal protection, ef- 
flux pumps, target site modifications, ^-lactamases, or DNA 
gyrase mutations. Tigecycline binds to the 30S ribosomal 
subunit and blocks peptide synthesis. The glycylcyclines 
bind to the ribosome with five times the affinity of common 
tetracyclines. Tigecycline also possesses a novel mechanism 
of action, interfering with the mechanism of ribosomal pro- 
tection proteins. Tigecycline, unlike common tetracyclines, 
is not expelled from the bacterial cell by efflux pumping 
processes. 
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Tigecycline is recommended for the treatment of compli- 
cated skin and skin structure infections caused by E. coli, 
E. faecalis (vancomycin-susceptible isolates), S. aureus 
(methicillin-susceptible and methicillin-resistant isolates), 
S. pyogenes, and B.fragilis among others. Tigecycline is also 
indicated for complicated intra-abdominal infections caused 
by strains of Clostridium, Enterobacter, Klebsiella, and 
Bacteroides . To reduce the development of resistance to tige- 
cycline, it is recommended that this antibiotic be used only 
for those infections caused by proven susceptible bacteria. 

Glycylcyclines are structurally similar to tetracyclines, 
and appear to have similar adverse effects. These may 
include photosensitivity, pancreatitis, and pseudotumor 
cerebri. Nausea and vomiting have been reported. 

Aztreonam 

Azactam (aztreonam for injection, intravenous or intramas- 
cular) contains the active ingredient aztreonam, which is a 
member of the monobactam class of antibiotics. A true an- 
tibiotic, aztreonam was originally isolated from cultures of 
the bacterium Chromobacterium violaceum. Now, the an- 
tibiotic is prepared by total synthesis. Monobactams possess 
a unique monocyclic /3-lactam nucleus, and are structurally 
unlike other /3-lactams like the penicillins, cephalosporins, 
carbapenems, and cephamycins. The /3-lactam arrangement 
of aztreonam is unique, possessing an A^-sulfonic acid func- 
tionality. This group activates the /3-lactam ring toward 
attack. The side chain (3 -position) aminothiazolyl oxime 
moiety and the 4-methyl group specify the antibacterial 
spectrum and /3-lactamase resistance. 
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The mechanism of action of aztreonam is essentially iden- 
tical to that of other /3-lactam antibiotics. The action of aztre- 
onam is inhibition of cell wall biosynthesis resulting from a 
high affinity of the antibiotic for penicillin binding protein 3 
(PBP-3). Unlike other /3-lactam antibiotics, aztreonam does 
not induce bacterial synthesis of ^-lactamases. The structure 
of aztreonam confers resistance to hydrolysis by penicilli- 
nases and cephalosporinases synthesized by most Gram- 
negative and Gram-positive pathogens. Because of these 
properties, aztreonam is typically active against Gram-nega- 
tive aerobic microorganisms that resist antibiotics hydrolyzed 
by /3-lactamases. Aztreonam is active against strains that are 
multiply-resistant to antibiotics such as cephalosporins, peni- 
cillins, and aminoglycosides. The antibacterial activity is 
maintained over a broad pH range (6-8) in vitro, as well as in 
the presence of human serum and under anaerobic conditions. 
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Aztreonam for injection is indicated for the treatment of 
infections caused by susceptible Gram-negative microorgan- 
ism, such as urinary tract infections (complicated and un- 
complicated), including pyelonephritis and cystitis 
(initial and recurrent) caused by E. coli, K. pneumoniae, P. 
mirabilis, P. aeruginosa, E. cloacae, K. oxytoca, Citrobacter 
sp., and S. marcescens . Aztreonam is also indicated for lower 
respiratory tract infections, including pneumonia and bron- 
chitis caused by E. coli, K. pneumoniae, P. aeruginosa, H. 
influenzae, P. mirabilis, S. marcescens, and Enterobacter 
species. Aztreonam is also indicated for septicemia caused 
by E. coli, K. pneumoniae, P. aeruginosa, P. mirabilis, S. 
marcescens, and Enterobacter spp. Other infections respond- 
ing to aztreonam include skin and skin structure infections, 
including those associated with postoperative wounds and 
ulcers and burns. These may be caused by E. coli, P. 
mirabilis, S. marcescens, Enterobacter species, P. aerugi- 
nosa, K. pneumoniae, and Citrobacter species. Intra-abdom- 
inal infections, including peritonitis caused by E. coli, 
Klebsiella species including K. pneumoniae, Enterobacter 
species including E. cloacae, P. aeruginosa, Citrobacter 
species including C. freundii, and Serratia species including 
S. marcescens. Some gynecologic infections, including en- 
dometritis and pelvic cellulitis caused by E. coli, K. pneumo- 
niae, Enterobacter species including E. cloacae, and P. 
mirabilis also respond to aztreonam. 

Ertapenem 

Ertapenem (Invanz, for injection) is a synthetic l-/3-methyl 
carbapenem that is structurally related to ^-lactam antibi- 
otics, particularly the thienamycin group. Its mechanism of 
action is the same as that of other /3-lactam antibiotics. The 
structure resists /3-lactamases and dehydropeptidases. 



O 




Chapter 8 # Antibacterial Antibiotics 325 

Ertapenem is indicated for the treatment of moderate to 
severe infections caused by susceptible strains causing com- 
plicated intra-abdominal infections such as Escherichia, 
Clostridium, Peptostreptococcus, and Bacteroides. The 
antibiotic is also indicated for complicated skin and skin 
structure infections including diabetic foot infections (with- 
out osteomyelitis). Treatable strains include Staphylococcus 
(MSSA), Streptococcus, Escherichia, Klebsiella, Proteus, 
and Bacteroides . Ertapenem is also indicated for commu- 
nity-acquired pneumonia caused by S. pneumoniae, 
Haemophilus influenzae , and M. catarrhalis. Complicated 
urinary tract infections and acute pelvic infections round out 
the indications for ertapenem. 

Telithromycin 

Telithromycin (Ketek) is an orally bioavailable macrolide. 
The antibiotic is semisynthetic. Telithromycin is classified 
as a ketolide, and it differs chemically from the macrolide 
group of antibacterials by the lack of a-L-cladinose at 3- 
position of the erythronolide A ring, resulting in a 3-keto 
function. It is further characterized by imidazolyl and 
pyridyl rings inked to the macrolide nucleus through a butyl 
chain. The mechanism of action of telithromycin is the same 
as that of the macrolide class. 

Telithromycin causes a blockade of protein synthesis by 
binding to domains II and V of 23 S rRNA of the 50S ribo- 
somal subunit. Because telithromycin binds at domain II, 
activity against Gram-positive cocci is retained in the pres- 
ence of resistance mediated by methylases that alter the 
domain V binding site. The antibiotic is also believed to in- 
hibit the assembly of ribosomes. Resistance to telithromycin 
occurs because of riboprotein mutations. 

Telithromycin is active against aerobic Gram-positive 
microorganisms such as S. pneumoniae (including mul- 
tidrug-resistant isolates), aerobic Gram-negative organisms 
such as H. influenzae and M. catarrhalis, and M. pneumo- 
niae. Ketek is recommended for use in patients 18 years of 
age or older. 

Telithromycin is metabolized by cytochrome P450. It 
therefore possesses several drug-drug interactions because 
of its ability to interact with various P450 isoforms. 
CYP3A4 inhibitors such as itraconazole caused the C milx of 
telithromycin to increase by 22% and the area under the 
curve (AUC) to increase by 54%. Ketoconazole and grape- 
fruit juice demonstrated similar patterns. CYP3A4 sub- 
strates such as cisapride caused a dramatic increase in 
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telithromycin plasma concentration. Simvastatin and mida- 
zolam also demonstrated increases in AUC when 
telithromycin was added. CYP2D6 substrates showed no ef- 
fect on drug kinetics when administered with telithromycin. 
Other drug-drug interactions with telithromycin include 
digoxin (plasma peak and trough levels increased by 73% 
and 21%, respectively), theophylline (16% and 17% in 
steady-state C mnx and AUC, respectively), and some oral 
contraceptives. 



O NEW DIRECTIONS IN ANTIBIOTIC 
DISCOVERY 

Considering the rapid development of multidrug resistance 
to the antibiotics currently in our armamentarium, research 
into new agents is crucial. Multidrug resistant bacteria have 
become a major public health crisis because existing antibi- 
otics are no longer effective in many cases. Antibiotics like 
vancomycin that have traditionally been drugs of last resort 
are becoming the first line of treatment of resistant infec- 
tions. Unfortunately, in recent times very few novel antibi- 
otics have been reported, and the development of new 
compounds by the pharmaceutical industry has been slow. 
Some consider that the reason for this situation is that in- 
dustry is more concerned with developing drugs for chronic 
use in patients, instead of agents like antibiotics that 
are used acutely. The situation may be getting better. The 
Pharmaceutical Research and Manufacturing Association 
reports that in 2008, there are about 80 new antibiotics and 
antibacterial agents in various stages of development (it 
wasn't specified how many of these 80 agents are actually 
antibiotics). It is safe to assume that screening in nature for 
novel antibiotics is proceeding. Unfortunately, many agents 
that are isolated from nature are compounds that are mech- 
anistically the same as antibiotics currently on the market. 

It is essential to discover antibiotics that act through the 
disruption of a novel target. One success story is found in 
the research of scientists at Merck, who conducted high- 
throughput screenings of specialized metabolites against 
FabF, an enzyme that is involved in bacterial fatty acid 
biosynthesis. These screenings led to the discovery of a 
new antibiotic hitting a new target, platensimycin, Isolated 



from Streptomyces platensis cultures, platensimycin ' 
represents a new structural class of antibiotics with very po- 
tent broad-spectrum activity against Gram-positive bacteria. 
It is interesting that to date, no cross-resistance has been ob- 
served. This feature is probably because of platensimycin' s 
unique mechanism of action. 




Platensimycin 

In nature there are two distinct types of fatty acid biosyn- 
thesis pathways. Type 1 is referred to as the associated 
system, whereas type 2 is referred to as the dissociated system. 
Associated systems are found in higher organisms. These are 
composed of a large multidomain protein that is capable of 
catalyzing all of the steps of fatty acid biosynthesis. 
Dissociated systems are found in plants and bacteria. In these 
systems a set of discrete enzymes each catalyze a single step 
in the biosynthetic pathway, Hence, type 2 biosynthesis rep- 
resents a good target for novel antibiotics. Moreover, two en- 
zymes of the dissociated pathway, FabH and FabF/B, are 
well-conserved across many bacterial strains. This fact goes 
hand in hand with broad spectrum activity. 

In vitro, platensimycin compares favorably with linezolid. 
No cross-resistance to MRSA, vancomycin-intermediate S. 
aureus, and vancomycin-resistant enterococci has been ob- 
served. An efflux mechanism arrears to preclude platen- 
simycin' s activity in Gram-negative bacteria. 

The total synthesis of platensimycin has been reported 287 
and a congener, carbaplatensimycin, 288 has been synthe- 
sized as well. The activity of carbaplatensimycin is similar 
to that of the parent platensimycin. 

It is safe to assume that if any success is to be had against 
the rapidly developing multidrug-resistant bacteria, novel 
targets will have to be found. The platensimycin story is just 
the first case of this kind of antibiotic development. 



• REVIEW QUESTIONS^ 



1. Compare and contrast the mechanisms of action of the 
tetracyclines and the macrolides. 

2. Give the correct definition of an "antibiotic." 

3. Can penicillins and aminoglycosides be used synergisti- 
cally? If so, how? 

4. What are "PBPs"? How do they work in the mechanism 
of action of the penicillins? 

5. What is an aglycone? 



6. How does spectinomycin differ from the other amino- 
glycoside antibiotics? 

7. What bacterial genus synthesizes most of the clinically 
used antibiotics? 

8. What are multidrug-resistant bacteria? Why are they of 
concern to medicine? 

9. What is the unique mechanism of action of platensimycin? 

10. Why do we say that cephalosporins possess "intrinsic f3- 
lactamase resistance"? 



